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dislocation dipoles and loops in 

SINGLE crystals OP MAGNESIUM OXIDE 


This thesis reports studies on dislocations in single 
crystals of magnesium oxide (MgO) , in particular disloca- 
tion dipoles and loops. It is divided into five chapters 
and one Appendix, 

Chapter 1 gives the motivation for the study in the light 
of the present knowledge of charged dislocations in ionic 
crystals. It is now known that many effects in the 
plastic deformation of ionic solids (in particular, the 
alkali halides, zinc sulphide, ice) are connected with 
the fact that dislocations in them can he charged. In 
this chapter a distinction is drawn between dislocations 
which carry charges as a result of the precipitation of. 
indigeneous point defects and those which carry purely 
configurational charges. It had been speculated that 
since the lat-i;er dislocations tend to follow unusual ^ip 
systems such crystals as contained them mi^t have their 
mechanical properties modified in the event of the 
activation of such slip systems. The present work further 
strengthens this idea. 
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In Chanter 2 all the experimental procedures followed 
and techniques used are described. An account is given 
of the methods of sample preparation, and of the aesign 
and fabrication of temperature (about 1800°C and 

2200^0) furnaces which have platinum ox- molybaenum heating 
elements respectively. Observational methods (optical 
microscopy and micro -hardness testing) also are dealt 
with. In view of the very high melting point (2800°C) 
of magnesium oxide special methods of incorporating the 
impurity into tlie crystals were evolved. Gold was chosen 
as the impurity for reasons explained in Chapter 1. Heat 
treatment of specimens consisted in high temperature 
annealing and one- or two-stage cooling. 

netailed observations made by optical microscopy on heat- 
treated crystals are presented in C hapter 2 . Observations 
were made on specimens of crystallographically different 
orientations prepared from doped and heat-treated {001}- 
blocks of crystal. They are illustrated vrith photomicro- • 
graphs. Micro -hardness measurements w’-ere also made on 
the above sections. The major interest was in dislocation 
dipoles and loops; however, observations on oriented 
crystalline precipitates formed on the surfaces of crystals 
are also presented (Appendix A)* The conditions of heat 



treatment which tended to give rise to these dislocation 
configurations ai'e described. 

hislocation diiooles and looi)s have been observed in single 
crystals of magnesium oride by many previous workers who 
have identified the loops to be of prismatic in character. 
Those observed in the present work seem to be quite 
different. Hence attention ha,s been concentrated on them. 
Various different kinds of loops (long and narrow? wide? 
straight -segmented? unusual) have been ebservea. The most 
interesting arc long (125 pm) and nari-ow (<1.6 pm) loops? 
they do not seem to be prismatic. The earlier stages of 
the formation of these loops are observed to be in the 
form of the Hiffel Tower. The plane of the 'towers' is 
either {100} or {110} , whereas the legs of the base lie 
in parallel {110} -planes and are along different <112>- 
directions. 

A brief review of earlier relevant work on dislocations 
in single crystals of magnesium oxide is given in 
Chapter 4 . Since the present investigation concentrated 
on dipoles and loops the review is concerned with the 
mechanisms of formation of dipoles and loops rather than 
the totality o the dislocation interactions in and 
mechanical properties of magnesium oxide. 
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5 is given a complete analysis of the observa- 
tions. It is concluded that the long-narrow loops and 
the straight-segmented loops are not lormed by the 
collapse of discs of vacancies or the aggregation of 
interstitials into discs. It is argued that the dipoles 
that 'uhe Eiffel lowers are ana the long-narrow loops are 
unlikely to have formed by any of the mechanisms described 
in Chapter 4. A new mechanism based on the zigzagging^ 
with configurationally charged <113*- -zigs and -zags, of 
an initially straight (length along either <110> or <100 ) 
and neutral (a/2)<110> dislocation is suggested compre- 
hensively to explain the existence of both {100} and {110} 
loop-planes, and of both <100> and <110> directions of 
elongation in the case of either loop-plane. Other 
observations also are discussed. 





Chapter 1 


CHARGED DISLOCATIONS IN IONIC GRYSgihS 


1.1 Introduction 

It is a known fact that dislocations in ionic crystals 
carry charges which influence the mechajiical and elec- 
trical properties of the crystals. A few reviews have 
appeared in the past (Friedel I 964 , Smolouchowski I 966 , 
Haharro 1967, Ilirth and lothe 1968). More recently 
l'Jhitworth(l975) has given an exhaustive account, the 
first one ever, of charged dislocations in ionic crystals 
He has dealt in detail with dislocations which have 
acq'uired charges hut which are otherwise neutral. 
Sprackling (1976) has given some of the more element aiy 
geometrical aspects in fair detail. Either the charged 
dislocations are directly observed oi’ their effects are 
studied. While the former gives a qualitative idea about 
the structure and crystallography of charged dislocations 
the latter study gives quantitative result's regarding 
the magnitude and sign of the charge carried by the 
dislocations. The present investigation was initiated 
to make direct observations on charged dislocations in 
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single crystals of magnesium oxide. A "brief review of 
some aspects of the charged dislocations in ionic 
crystals is given in this chapter and is followed hy an 
account of tho motivation for the present work. 

1 , 2 nislo cations in Rocksalt Structure 

Crystals of rochsad-t structure usually glide on {110}<110>- 
slip systems. {001 }<110> -systems are activated at high 

temperatures or with the decrease in biie ionicity of the 
bond; for exami^le, PhS and Pbl'e prefer gliding on 
{001 }<ll0> -slip systems to Riding on {110} <110 > . The 
extra half-pl:ines of the {110}<110> -edge dislocations 
are {110} -planes terminating with owo rows of ions of 
opposite signs, irith the dislocation line lying along 
<001>. Ideally this dislocation is neutral and aoes not 
carry any charge. Acquisition by ifc of charged defects 
like jogs and of point defects leads uo a charged state. 

In 1951 Mott and Seitz suggested independently that each 
half jog carries a charge of magnitude e/2. 

Next we consider {lll}<110>-slip systems. In rocksalt 
structure a stacking based on { lH} -planes consists of 
alternate layers of cations and anions. Slip in the 
usual < no -direct ion introduces an edge dislocation 
along < 11 2> -direction with an extra half-plane consisting 




of alternate strips of anions and cations terminating 
with a row of ions all of the same siign (Parasnis e;t al 
1963 ) . Pliis dislocation carries a linear charge density- 
given by 

X = + 2VT273y • ez/a 

where e is the electronic charge, a the lattice para- 
meter and 2 ihe valency of the ion- This would give 
rise to a large electrostatic energy w-hich is irhy dis- 
locations do not follow this slip system normally. 

Slip along <lOO>--direction is not favoiirea because in the 
mid-glide posi-cion like ions come nearer and large elec- 
trostatic repulsive forces would be created. Recently 
Rarayan (1978a) has obse3rved.a<100>-dislocation loops in 
magnesium oxide. Since these have been identified as 
being of tho vacancy type no actual slip is involved. 

The relaxed positions of the ions around the edge disloca- 
tion so as to have minimum energy around the core were 
calculated by Ilunbington et ^ (1955) . Based on these 
calculations lAiitworth (1965) has drawn the aiagram of 
the edge dislocai:ion in NaCl crystal. Irain and Pugh 
(1968) performed similar calculations and obtained the 
ionic positions for a number of ionic solids (KCl, LiP, 
NaBr, MgO etc ) . The results of MgO are similar to those 
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of KaCl and hence the core structure of the eage disloca- 
tion in MgO uill he similar to that of UaCl. Fontaine 
(1968) and Fontaine and Haasen (1969) have given a model 
of the edge diclocation core splitting up into partials 
hounding a stacld.ng fault in between. ihere is as yet 
no direct evidence for the existence ol stacking faults 
in ionic crystals ( see Evans and Laiigdon 1976) . Our 
view is that Fontaine's results simply imply that the 
core of the dislocation is rather wide. 

1,3 Charged Dislocations 

Stepanov (1933) observed a transient change in the ionic 
conductivity of EaCl while performing an experiment to 
detect the rise in temperature due to plastic deformations, 
even in the absence of electric field. Ihe potential 
difference produced between the electrodes was correctly 
explained after two decades by Fishbach and ITowick (1955) 
as being due to the movement of charged dislocations. 

Many experiments w'ore performed to observe the electrical 
effects and the signs of the charged dislocations. When 
these charged dislocations glide, because the ionic move- 
ments are along the Burgers vector, the charge is trans- 
ported in the direction of Burgers vector by one or 
another meclianism ( Whitworth 1975) • Ihe measurement of 
the charge has been made by subjecting a crystal to 
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iadoitation tests, bending tests, cyclic stress or 
compressive deformation. Electrodes o,rG fixed on 
appropriate siiriaces of the crystal and the electrical 
signals reaching the electrodes are moasured. A number 
of workers have performed such experiments on a variety 
of crystals and the sign of the charge has been deter- 
mined in all bhosG cases. 

1.4 Alkali Halides 

Dislocations in alkali halides of nominal purity carry 
negative charge at room ten^erature. In divalent anion- 
doped crystals (like Na^O^-doped NaCl) and in pure 
crystals at high temperatures the charge was found to be 
positive. Studies on charged dislocations were concen- 
trated mainly CjI alkali halides be canoe of their 
availability in the purest form. A large number of 
experiments different concentrations of impurity 

content has been carried oux ana quantitative measure- 
ments of the charge made. Rueda and nekeyser (1961b) 
gave a value of charge on dislocations in pure sodium 
chloride crystals as (l. 39+0.13) xlO~^^ Cmt.I and in 
doped sodium cldLoride crystals (0.6% CdCl2 adaed in melt) 
as (1.66+0.05)2:10“^^ C. Galustashvili (1970) has 

determined the charge density on dislocations in lithium 
fluoride crystals doped with dominant anion and cation 
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impurities as being 5.5x10"^'^ C cm"^, 1.4xL0“^^ C cni“^ 

in the case of anion-doped lithium fluoride and 

_2'5 _1 

-2.0x10 ^ C cm in predominajitl j' cation doped lithium 

fluoride crystals. ve Batist et ^ (19&8) obtained the 

charge density on dislocations in pure caesium iodide 

•“16 "“I 

crystals at room temperature as about 3.0xl0~ 0 cm”' , 

1.5 Silver Halides 

In silver halides the intrinsic defects are of Frenkel 
type unlike alkali ha.lides -which poscesc Schottky defects, 
dislocations in intrinsic crystals cam-y positive charges 
in most of the cases. In extrinsic crystals doped with 
divalent cation impurities so as to have cation vacancies 
the dislocations carry negative charges. Because of 
their photograpiiic properties they have been investigated 
with great interest. It was suggecued that the charge on 
the dislocations plays an important role in the formation 
of the latent image. 

1 ^ Magnesium Oxide 

Magnesium oxide has the rockselt structure. Because the 
anions and co.tions are divalent the charge carried by the 
jogs, kinks and point defects is twice that of those in 
alkali halides. Rue da and lekeyser ( 1961a) measured the 
charge of the dislocations in magnesium oxide from 
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indentation experiments and found it to be positive. These 
results could not be relied upon for the reason that it 
is not possible to grow magnesium oxiue crystals as pure as 
the alkali halides. Also the observat:ion, stated earlier, 
of positively charged dislocations in anion doped alkali 
halides indicates that the above result needs a cautious 
approach. Because the anions and cations in magnesium 
oxide are divo-lent it can have both monovalent ana tri- 
valent impurities. ¥hen MgO is doped with monovalent 
impurity, one impurity ion will occupy a substitutional 
position and another an interstitial one replacing a 
single ion of the matrix. On doping with a trivalent 
impurity, two impurity ions will replace three host ions 
leaving a vacancy with them. Thus a vacancy is associated 
with the impurity. Although ^100^ -slip is electrically 
impossible as it introduces electrostatic faulting 
(Buerger 1930), recent observation of a<100> -dislocation 
loops by Harayon ( loc cit ) in magnesium oxide shows that 
further studios on charged dislocations in these crystals 
are needed. 

Other materials investigated are CaF 2 » ^^2’ 
etc. 
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1.7 Motivation for the Present Work 

It was stated in §1.2 that the euge aislocation in the 
{ 111} <lio> -slip system lies along the <112>-dir ection. 

As pointed out by larasnis (i960) cuio. Parasnis et al 
(1963), the extra half-plane terminates with a strip of 
ions of the same sign (see Pigures l.l(a,h)). Thus, the 
eage dislocation in this slip system possesses its own 
charge, the configurational charge, unlike the {110}<110>- 
aislocations which acquire charges from charged point 
defects. Because this introduces a large electrostatic 
energy this slip system was thought to he unohservahle, 
oven though there are crystals with fluorite structure 
which prefer gliding on the system, {100)<110>, which 
introduces such a configurational charg'e. Parasnis 
( loc cit ) observed in crystals of silver chloride contain- 
ing cupric chlorine rhomhus-shaped prismatic dislocation 
loops having jjurgers vector (a/2) <110 >. The sides of the 
rhombic loops were along <112>~dirGctions indicating that 
those edge se^hients forming a loop lie on { H^-slip 
planes. Another important observation xras a possible 
evidence indicating that the dislocations were capable 
of Riding on {lll}-planes , rather than getting pinned 
down. As mentioned earlier "these <«li2>dis loc at ions carry 
large elect rosta'tic energy which is an appreciable 
fraction (20%) oi elastic energy. Tliis extra charge could 





Figure 1.1b {lll}<liO>-edge dislocation perpendicular 
to the plane of the paper 


0^9^* Top layer 


C) Bottom layer 
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be neutralized (Parasnis et al , loc cit) if the terminat- 
ing strip of the extra half-plane consisted of a strip of 
anions and the next strip of Ag ana Ca cations alter- 
nately. tJhereas WliLtworth has disc\;issed such configura- 
tionally charged dislocations in the fluorite structure 
he has failed to take notice of such dislocations in the 
rocksalt structure. 

Around 1928 von Mses had proposed tha,t for a polycrystal 
to undergo tiniform homogeneous deforma/cion it should 
possess five independent slip systems., von Mises gave a 
simple way of finding out whether the slip systems are 
independent or not by forming the deterimLnant of the 
strain components (Groves and Kelly 1965b). Groves and 
Kelly have given a geometric interpretation of the von 
Mses result. Por a poly crystalline material to undergo 
plastic deformation without the formation of voids along 
the grain boundaries the adjacent graiiis should accommodate 
the strains. 'iiiis requires each grain to possess five 
independent slip systems. When five indopenaent slip 
systems are not available voids are formed during plastic 
deformation of polycrystals. Kocks (1958) has stuaied 
the polyslip of polycrystals, i e simultaneous glide of 
dislocations in many slip systems of each grain, and in 

his words his results " seem to strengthen the 

concept of polj'-slip as being the one important mechanism 
of the plasticity of fee polycrystals...". 
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In the rocksalt structure the coimionly observed slip 
system is {110}<110> while {001}<11Q> “dip system is 
activated at hio,!! temperatures. Sven t:iou^;;h these 
primary and secondary slip systems (as they are called) 
provide five inaependent slip systems, crystals of rock- 
salt structure do not exhibit polycrystallino ductility. 
Bicrystals of ma.^nesium oxiae tesbed in tension develop 
cracks along the boundary in ai eating tliat the boundary 
cannot accommodate the strains of the ad 3 oining grain 
(Johnston et. al 1962, Westwood 1961, Evans and Langdon 
1976) . The number of active slip systems in crystals of 
rocksalt structure is limited by bhe ionic character of 
the crystals. As mentioned earlier in §1.2, slip on 
{111} -planes introduces configurationally charged disloca- 
tions and slip along <100>-d.irectionrj causes electro- 
static faulting. If we coula devise suitable methods to 
offset these electrostatic effects ic should be possible 
to expect the operation of such slip. 

It was stated above that the neutralisation of the 
configurational charge carried by {111}<110> -dislocations 
in rocksalt structure had been possible in silver haliaes. 
In tliat case cupric ions were substituted for silver ions 
at alternate sites along the terminal strip. This effec- 
tively immobilizes the dislocation wdaich would not then 
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contribute to plasticity. 1'h.e basic requireroent for the 
activation of this slip system is not only the neutraliza- 
tion of the ei:tra charge but also tha^ tlic neutralization 
be aclrleved without immobilizing the dislocation. Only 
then will the straight eage <112>-dislocation glide. 

Such a proposal has been made by Parasnis (1979) and is 
used in §§5.2.2 and 5.5.4. 

fhus these investigations on magnesium oxiue wore initiated 
to study the possible activation oi no\r slip systems and 
their effect on the mechanical properties. 



Chapter 2 


EXPERIMENTAL 1'g-igHOi.S 


2 • 1 Irit roductjoii 

It was mentioned in Chapter 1 that the study on charged 
dislocations ha^s been done in two , vxz (i) estimation 

of the charge of the dislocations by detecting the elec- 
trical signals induced by their movement, and (ii) direct 
observation of the charged dislocations. The former method 
applies to the study of charges acquired by a dislocation 
which is othermse neutral while the lo.tter applies only 
to configurationally charged dislocations. The latter 
method was chosen in the present investigation as our 
objective was to study the possibility of activating the 
{lll}< 110> -slip systems. 

lislocations in crystals are observed by one of the three 
methods, viz optical microscopy (ecch pits, birefringence, 
decoration), electron microscopy, ana x-ray topography. 

The very first direct observation of the dislocations was 
made by the decoration technique (Hedges and Mtchell 1955 ) . 
dislocations in single crystals of magnesium oxide were 
observed by Washburn et ^ (1960a) by transmission electron 
microscopy for the first time. Tiiis irork initiated extensive 

i 

investigations on this material. Venables (1961) 
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observed dislocations decorated by impurities and identi- 
fied the decorating particles as ZrO^ (1965) • Bowen (1963) 
and Bowen and Clarke (1963) observed impurity precipitates 
associated with uislocations. Miles (1965) was the first 
to identify under the optical uncroscopo dislocations 
decorated by the impurities^ probably Zr 02 > in as-received 
as well as heat-treated crystals. Hundersen (1964) observed 
incoherent impurity precipitates associated with disloca- 
tions. Zakharov et (1975) observed dislocation loops 
formed on PeO particles in as-grown crystals under TEM. 
Parasnis ^ (1973) decorated the uislocations in single 

crystals of magnesium oxide by thermally diffusiiig gold, 
fhe present investigation is a continuation of that work 
performed with come improvemente and in greater detail. 
Before going over to the details of the experimentation it 
would be worthxdiile here to mention the mechanism of the 
decoration process ( see Piitchell 1962) . 

fhe decoration process needs an appropriate cooling rate. 
Cooling always produces a supersaturation of vacancies 
which causes the dislocations to undergo climb. Decoration 
occurs during the cooling cycle of the heat treatment. 

Pirst, particles are nucleated in the dislocation-free 
regions of the crystal and grow in siae. ihese precipitate 
particles set up stress fields around them. These stress 
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fields are relaxed by the generation or annihilation of 
Schottky defect D. Because of this tho equilibrium concentra- 
tion of the defects^ which would be procont at that tempera- 
ture during cooling, is altered. To restore the equilibrium 
of the point defects the dislocations, wliich have not been 
decorated so far, undergo climb and take up different 
equilibrium configurations. The impurities nucleate along 
the cores of the dislocations and grow. Thus it is that 
the cooling rate must be programmed ca.re fully. 

2.2 Specimen Preparation 

The crystals used in those experiments were obtained from 
commercial sources in USA. Single crystals of reasonably 
pure magnesium oride in the form of rods with the cylin- 
drical axis approxiroately along <001> -direction were obtained 
from So mi - j 1 ’men to Inc, U.3.A. ; and the randorsU-y oriented 
blocks of single crystal were obtained from Ventron Corpora- 
tion, USA. Thin sections (0,5 mm) parallel to {001}- and 
{110 }-f aces wero prepared out of these bulk crystals by 
cleaving or slicing followed by mechanical grinding and 
polishing. Chemical polishing by hot orthophosphoric acid 
gives rather poor surface for optical microscopy. However, 
since {110} -specimens were usually too small to be ground 
and polished meclianically , they had to be polished chemically. 
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2.2.1 f001>-Se ctions 

Not all of the crystals obtained from Semi -Elements had 
their axes along; [001] -direction. I'liorofore, for conveniencsi, 
only crystals of which the axes were along [001] -direction 
were made use of in preparing (001) -sect ions, fhese crystals 
were cleaved into thin discs (0.5 nim thick). They were then 
ground and polished with finer grades of alumina powder 
successively. The final polishing was done over pitch using 
cerium oxide aS the abrasive. Specimens from the Ventron 
block crystals were prepared by cleavixig with a chisel and 
hammer into rectaiigiiLar blocks of size 3x3x10 mm^. 

These were further cleaved into thin slices 0.5 imu thick. 

2.2.2 (CLIO)}- Sections 

{110} -Se ctions were prepared either diiectly from Semi- 
Elements cylindrical crystals or from the cleaved blocks of 
Ventron. Tke a^^os of the former Wei's only nominally [001]. 

A dig (Figure 2.1) was fabricated to prepare {llO}-sections 
taking into account the deviation a of the cylinder axis 
from [001]. Tliis angle a varied from crystal to crystal. 
Therefore separate jigs were made corresponding to each 
deviation angle a. The crystal was mounted in the jig 
such a way that its [100]- and [010] -axes coincided with 
those of the ji'Si taking repeated back-reflection lane 
photographs and applying the correction each time it was 





19 


correctly oriented. Once the crystal was correctly 
oriented it was fixed ^ situ by applyin^j pitch on the 
plane face of the jig through which ti.ie crystal had been 
inserted. The jig was then held in a vice keeping the 
slanting face vertical. The crystal xras then sliced with 
a tungsten -vilro saw along the slanting faco. {llO}-Sections 
were sliced by pushing the crystal foi-srard after each cut. 
Before making each successive cut a back-reflection laue 
photograph of the exposed face was tal;on and corrections 
were applied, if necessary. These {110} -sections were 
ground and polished in the same way as {001}-sections. 
(However, see §2.4 .) 

2.2.3 Specimen cleaning 

Once the specimens were polished they were cleaned with 
acetone in an ultrasonic cleaner. For the purpose of 
suspending the specimens during this cleaning a small glass 
basket was made (Figure 2.2). After tins the specimens were 
cleaned with methanol. 

2.3 Heat Treatment and hoping 

As stated in §2.1 above, I'lilos (1965) had observed, decorated 
dislocation configurations in as-received as well as simply 
heat-treated crystals of magnesium oxide, the decorating 
particles being of the impurities present in the as-received 
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crystals, very probably, as concluded by him, ZrO^. As 
stated in Chapter 1, the purpose of dif:Cusing gold was 
not simply to decorate the dislocations, but to activate 
new slip systems which give rise to configurationally 
charged dislocations. Para^nis ^ ^ (1973) decorated the 

dislocations by thermally diffusing gold at about 1400^0. 

But the decoration was rather faint and dislocation 
configurations could not be studied erho.ustively . Therefore, 
in the present investigation the heat treatment procedure 
was reprogrammed on the basis of the b.ro factors. (1) 
mentioned in §2.1, the cooling rate is the controlling 
factor for good decoration. (2) Decoration experiments 
in the case of alkali and silver halides have always been 
performed at temperatures about 100° C boJ.ow the melting 
point (Amelinckx 1957, Bartlett and Mitchell 1958, 

Parasnis and Mtchell 1959). Experiments were therefore 
performed at higher temperatures, and also by rescheduling 
cooling rates et c . Por this purpose special furnaces 
were designed and fabricated. Before dealing with the heat 
treatment procedure evolved the constructional details of 
the furnaces wliich were fabricated for the purpose will be 
described. In the range 1200-1400°C a, commercial GLOBAR. 
furnace was used. I platinum furnace was fabricated for 

temperatures up to 1800°C and a molybdenum (vacuum) furnace 

» 

for temperatures in the range 1800-2200°C. Eo plans T^ere 
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possible to be made for temperatures be 3 ^ond this in -view of the 
non-availability of refractories and other technical diffi- 
culties. 


2.3.1 (tIOBAjEI fmnxace 

A GLOBAR tubular- furnace heated by four silicon carbide 
heating elements was purchased. I'he chamber size is 65 mm 
dia and 500 mm long, and the constant temperature zone is 
about 150 mm long. fhe thermal inertia is rather great, 
so it took about 18 hr to reach a temperature of 1400*^0 
which is the maximum attainable temperature in this furnace, 
i'he temperature sensor is a Pt~Pt/10% lih thermocouple. 
I'emperature is controlled by an on-off c ont roller- cum- 
indicator. Big-ure 2.3 shows the GIOBAR furnace along with 
the control panel and the autotransf ormcr. 

2.3.2 Platinum furnace 

1*0 perform experiments beyond 1400 0 ona up to 1800 C a 
furnace using Pt/20% Rh wire (dia 0.75 mn, length 14 m) 
as the heating element was designed and fabricated. Since 
the i-esistancc of this wire (hereafter i-ef erred to as Pt) 
at room temperaoure is only about 3 ohm it must be preheated 
using another coaxial furnace so as to attain a higher 
resistance? this also facilitates a better control of the 
temperature. A longitudinal sectional view of the complete 
furnace is shown in Figure 2.4. 





Figure 2.4 Longitudlnal-sfKstional yiew of the platinum furnace 
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The platinum wire flj was wound on a uegussit (Vest Germany) 
AIi23 tube [2], (dia 50 mm, length 600 mm) over a length of 
250 mm in such a manner as to get a uniiorm heat zone of 
100 mm in the middle. A special cement obtained from 
Carborundum Universal Ltu, India, was applied over the 
TJinaing and was allowed to set properly. The platinum 
winding was siurroun(i-'e4' by a silimani Le muffle [3] (dia 
115 mm, length 375 mm). Kanthal wire [4j (dia 0.5 mm, 
length 10 m) was wound on the silimani te muffle over 

a length of 350 mm. Fire cement was applied over the 
I-Ianthal windings and allowed to set. The diameter of the 
silimanite muffle was so chosen that its temperature woula 
not exceed 1100°C when the temperature of the platinum 
furnace was 1800° C. The Kanthal furnace was placed 
coaxially around the platinum furnace. They were placed 
inside a coaxial aluminum case [5] wliich ^ras closed on one 
side with an asbestos liu [6] having a hole at the centre 
to let the platinum-wound tube to pass through. The aluminum 
case was now filled with pure alumina, powder completely and 
then closed with another lid (also of asbestos). The Kanthal 
and platinum furnaces were energized tlirough separate voltage 
stabilizers and auto transformers. The temperature of the 
Kanthal furnace was monitored with an ordinary photoelectric 
temperature controller and that of the platinum furnace with 
the help of a Leeds & Northrup 'Electromax’ on-off temperature 
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controller, using Pt-Pt/10:% Rh. thermocouples [?] as the 
sensors in both cases. The Kanthal furnace was first 
svritched on ana ta,ken to a teraperatiire of about 1000°C. 

The platinum xfinciing was then at a teraperature of about 
700°C, at which temperatures its resistance was about 
14 ohm. The platinum furnace was swioched on at this 
stage. JJue to the large thermal insulation it took a very 
long time (30 hr) to reach a temperature of 1700°C. As 
the platinum furnace was heating up, the power in the 
Kanthal furnace was correspondingly reduced so as to 
maintain it at a constant temperature of 1000°C and so 
that the controller did not go on switching 'on' and 'off ' 
frequently. Temperatures in the range of 1500-1800° C 
were measured with an optical pyrometer. Pigure 2.5 is a 
photograph of the platinum furnace. 

2 , 3. 3 Molybdenum furnace 

A molybdenum furnace was designed ana fabiicated for working 
at temperatures between 1800° C and 2200° C. A longitudinal 
sectional view of the fwnace is shoarn in Pigure 2.6. 40 mil 

molybdenum wire [ij was woimd over a negnssit AL23 tube (2), 
closed at one end, over a length of 150 mm so as to have a 
hot zone of 50 mm. uegussit AIi23 can tfithstand up to 1950°C 
onlyj but it coifLd be replaced with, for example, jjegussit 
ZR or similar material which can withstand up to 2200° C. 



Figure 2.5 Platinum furnace and its control units 







Figure 2.6 Longitudinal-sectional view of the molybdenum furnace 
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Since molybdenum oxidizes rapidly beyond 300*^0 it must be 
held under a reducing atmosphere. So the molybdenum wire- 
TOund tube inserted inside another close-fitting 
Degussit tube [3] and provision was made to pass through 
the interspace hydrogen gas diluted with nitrogen (1:3). 

For this purpose the open end must be closed but facilities 
for evacuation and for passing the hydrogen-nitrogen mixture 
must be provided. Since the temperature near the end would 
be very high the sealant with which the end might be sealed 
would soften and thus not keep vacuum. In order to prevent 
this, the ena vras closed with a brass water jacket [4] 
specially designed and fabricated for tljis purpose. It was, 
so to say, the 'heart' of the furnace. So every care was 
taken to ensure that it would not give way during the course 
of the operation of the furnace. For evacuating and passing 
the hydrogen-nitrogen mixture stainless steel tubes [5] were 
fitted through the jacket and brazed with silver solder. 

The jacket was hold to the tube with screws and sealed with 
a silicone resin ( low-Corning, USA) all around the joint. 

Ihe resiliency of the resin is from -65° to 250° C. To take 
the electrical terminals to the outside and for the gas 
outlet tube throe holes were drilled in the outer tube at 
the end as seen in the Figure 2.6. The terminals were taten 
through alumina sleeves [6] which were fixed ^ri-th the sealant. 
One water jacket [7] was fitted at this end also to prevent 
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the softening of the sealant. For measuring the pressure 
of the gas mixture at the inlet a hut^/lphthalate differen- 
tial manometer t^ras also made. 

This furnace also needs preheating. So l:he furnace assembly 

was surrounded by a Kanthal furnace id just as was done in 

the case of the platinum furnace (§2.5.2). The entire 

assembly was momited on a slotted angle iron frame covered 

with asbestos sheets on all the sides, iirebricks were 

placed all afound the furnace assembly. A 60 amp, single 

phase, oil-cooled auto transformer xras installed for supplying 

power to the molybdenum windings. Unfortunately, however, 

the furnace could not be put into operation due to the 'non- 

* 

availability of hydrogen gas. It is hoped to use it for 
similar experiments later. 

2 . 5.4 Thermal diffusion of Gold 

First, two polished and ultrasonically cleaned specimens 
having {001}- or {110}- faces as tho case might be were 
taken. One specimen was placed in a small platinum box 
(5x5x3 mm^) and a drop of saturated solution of highly 

pure Johns on-Mat they gold chloride was put on its upper 
surface. The other specimen having the same orientation 
was placed on the first so that a layer of gold chloride 
solution was sandwiched between the two. The platinum box 
was closed with a platinum lid. This closed platinum box 
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containing the candwich was placed in an alumina crucible 
(jJegussit AL23) imich was inserted into the furnace tube. 
Sometimes a triple sandwich was made. On the two sides of 
the middle specimen was a layer of gold chloride, in turn 
covered with another specimen. Ihis Tras done to see if 
platinum was 13!- any chance diffusing into the crystals. 

The later microscopic observations showed that it was not. 

The heat treatment consisted in heating to a high tempera- 
ture, holding the specimens at this temperature for a 
certain period, and then cooling them in a pre-determined 
manner. The different parameters involved in the heat 
treatment are; the holding temperature, the holding time, 
and the rate of cooling. Of these, programming the cooling 
rate seemed to be the most important one. A large number 
of experiments were performed by varying the above para- 
meters. The cooling could be controlled only do^-m to about 
400°C below which any of these furna,cen cooled down at an 
extremely slow rate (<0.5°C min~^) even after shutting do'^m 
the power. But this is not likely oo an.fect the decoration 
process or anything else. Keeping the holcdng temperature 
as 1250° C and the holding time about 48 hr the following 
cooling rates Wei's tried. 

(i) Cooling at the rate of 2°C min™^ 

(ii) Cooling a little faster at 5°C min~^ 

(iii) Cooling rapidly, at about 12°C min”^ 
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(iv) Cooliii{i' dovm to 1000*^0 at the rate of 3°C 

aging for 8 hr, cooling dom to 800° C, aging 
agaiii for 8 hr, and then cooling down to 400° 0. 

With these cooling rates no good decoration was obtained. 

'then it x^’as decided to increase the holding temperature. 

■The experiments -v;ere performed at 1350° C, with the above 
cooling rates. Still the experiments wore not successful. 
Finally, x-xhen tho follomng two-stage cooling rate procedure 
was adopted the decoration was good, extensive and throughout 
the crystal. Tho first cooling was at the rate of either 
10° C min~^ or 5°C min~^ down to 1000° 0, and the second at the 
rate of 2°C min”^. Both Ventron and Semi -Elements crystals 
shoxred good decorations when subjected to this heat treatment. 
However, occasionally there were variations in both. These 
must be attribvited to the original impurity content since 
all other parameters xrere unchanged. At times as-received 
Ventron samples showed cruae decoro.tion. 

Having established the correct heat treatment procedure 
for decorating dislocations at temperatures of up to 1300 - 
1350°C it was decided to heat-treat specimens at higher 
holuing temperatures. It was anticipated that holding time 
could be correspondingly reducea. Accordingly the same 
heat treatment x^as given, the holding temperature being 
1600° C for 15 hr and 20 hr. The decoration x>/as very poor 
indeed. Experiments performed at 1700° C also did not yield 
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good decoration, iiiis latter observation is in coni'ormity 
with that of Miles’ ( loc ^i^) . 

2.4 Observational Techniques 

l‘he heat-treated, gold-diffused speci’nens \irith {001} -faces 
were observed as they were taken out of the furnace under 
bright-field illumination. They were then lightly polished 
on chamois leather, cleaned with acetone and then with 
methanol. They were hot-mounted in cejiacia balsam on a 
glass slide with a cover slip, with the gold-diffused side 
upward. They were observed under a lleichert HCn dark-field 
microscope having a maxim'um magThfication of 1250Z (under 
oil-immersion). Most of the observations were made under 
dark- field illumination. Quantitative measurements on the 
geometry of the dislocation configurations were made vri.th 
a calibrated micrometer eyepiece and on photomicrographs. 
Photographs were taken on a high contrast slow (INJJU 
10 hIN/SASA or 0P¥0 18 hIIT/15 ASA) negative emulsion, 
llxposures were determined by means of Ai-eichert's ’REMIPHOT’ 
vacuum photo-col3. exposure meter. 

Wlien heat-treated, gold-diffused {110} -section specimens 
were observed under the dark-field microscope it was foxind 
that proper decoration of the dislocations ho,d not taken 
place. 


Also gold had diffused only a foi-r microns deep 
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Therefore observations vrere made on {110} -sections prepared 
from gold-diffused large (3x3x8 mm^) blocks of the crystal 
with {001} -faces. Since the specimens were very small they 
could not be ground and polished mechanically. Therefore 
they had to be polished chemically. Chemical polishing of 
magnesium oxide crystals is done by irmaersing them in 
boiling ortho phosphoric acid diluted with distilled water 
4:1 for ten minutes (Stokes 1965) • 

2.5 Hicro hardness Measurements 

The microhardness of specimens was measured by using a 
ByiT-3 microhardness tester (made in USSh) . Mcrohardnes s 
of the as-receivod crystals, that of cr3r3'i;als heat-treated 
at 1350°C and subjected to t^-ro -stage cooling without 
diffusing gold, and tliat of crystals heat-treated and gold- 
diffused were measiired. j^l these specimens were taken 
from the same respective stocks of the material (Semi -Elements 
and Ventron) . 
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OBSERVATIONS 


3.1 Introduction 

The observations, mostly by daxk-field microscopy, on 
as-received, undoped heat-treated, and doped heat-treated 
single crystals of magnesium oxide are presented in this 
chapter. In order to determine vrhether impurity precipitates 
in heat-treated crystals were birefringent polarization 
microscopy was donej however, not much information could 
be obtained because the particles are too small. In any 
case, from the point of view of dislocation configurations 
duly decorated by the impurity, this infoimiation is not very 
relevant . 

Optical microscopy is, on the one hand, relatively simple 
and direct a method of observation} it is, on the other 
hand, unable to give information which electron microscopy 
can. Por example, information on the Burgers vectors of 
various dislocations seen and on the various crystallographic 
directions which are not in the plane of observation cannot 
easily be had. Since magnesium oxide cleaves along {100}- 
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planes it is easy to recognize <i00»' and <110 > -directions 
in any cleaved specimen. It was possible to recognize 
{110} -/Planes by measuring the angle made by a specific 
planar configuration with the plane of observation; the 
refractive index correction was invariably applied. If the 
angle was 45° s the plane was recognized as {110}. the 

specimens into wlrLch, as described in the previous chapter, 
gold chloride had been diffused contained inniimerable 
particles of a secona phase, decorating or not, there was 
the inevitable scattering into the field of view of the 
dark- field microscope. However, it has been possible to 
take reasonably good photomicsrographs. 

As in any other material, decorated or otherwise, observed 
by optical microscopy or electron microscopy, the kinds of 
configurations of dislocations are many. The specimens 
to be described here showed usual dislocation forests, 
sub-boundaries, etc . In an earlier communication (Parasnis 
et ^ 1973) from this laboratory the phenomena observed 
when specimens had been given a one-stage heat treatment 
were described. The major conclusions of this earlier work 
were the following; 


*Sometimes crystals cleaved along {110} even when the 
chisel/blade w^ oriented so as to give the usual {100}- 
cleavage. The cleave d{ (noy-surfaces were almost as 
smooth as cleaved {loo } -surf ace s . However, such cleayage 
could not be had at will. It was frequent but acciden'^J.. 
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(i) Dislocations in single crystals of magnesium 
oxide could be decorated by thermally diffusing gold 
chloride into the crystals. 

(ii) The larger second phase particles (very probably 
metallic gold) punch out sequences of prismatic disloca- 
tions which get decorated during the later stages of the 
he at "treatment . 

(iii) Substantial climb occurs even at temperatures 
as low as 0.43 I'jjj. 

(iv) Isolated loops of a rather imusual shape were 

seen. 

(v) 'Christmas tree' - and spike-configurations 
observed by Miles (1965) in as-received crystals were never 
seen. 

The procedures of this earlier work were modified consi- 
derably in order to have better decoration so that a 
multitude of phenoinena could be studiea. The essential 
modifications were in the heat-treatment and in the subse- 
quent specimen preparation ( see Chapter 2). Among the 
various phenomena observed the predominant were dislocation 
dipoles; loops in various orientations; straight- 

segmented, par all ello gram-shaped loops? and combinations 
of these. It is these which are described, without attention 
to ordinary sub-boundaries and forests of which there were 
very few any way. 
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i>axk-field microscopy is often tricky in the sense that 
objects -which are on different planes may be seen in 
reasonable focus at the same time, giving the impression 
that they are on the same plane . It has usually been 
possible in the photomicrographs displayed in this chapter 
to focus the microscope in such a way that the salient 
features are brought out at once. Nevertheless it has 
been necessary to point out that, for example, a certain 
loop is in fact inclined to the plane of observation 
(invariably {001}) though in the micrograph it looks 
entirely in focus. In the case of loops which are' parallel 
to the plane of observation the context and the photomicro- 
graphs will make it clear that a loop lies entirely in the 
(001) -plane. 

3.1.1 As-received specimens 

Specimens cleaved (and, if necessary, polished) from as- 
received stock material were examined under the microscopes 
before subjecting them to heat -treat me nt . Clearly, they 
could not for fear of contamination be mounted for observa- 
tion under the highest magnification. I'he most that could 
be done was to observe them under 60 x 12.5 = 750X. As 
far as dark-field microscopy is concerned this is of no 
consequence. Semi -Elements specimens very rarely showed 
any particles frithin their body. Ventron (99*9% pure) 
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specimens occasionally showed bright points or strings of 
bright points. Aether these were due to cavibies produced 
in the act of grot-jing or impurity precipitates was diffictilt 
to decide. However, we have the feeling that at least some 
were the latter. Specimens which show-ed a large number of 
such features \jore rejected. As specimens were to undergo 
strong heat treatment even the use of immersion oil was 
avoided. I'hus it is possible that at le^st some specimens 
of dubious qixality found their way to the furnace. This 
was unavoidable. 

^•2 Appearance of the Crystal Surface (Figures 5.1-3. 2) 

On examining the crystals taken out of the furnace after 
due heat treatment it was found that, although both surfaces 
had been well polished before, they had become very rugged 
and that there were heavy deposits on the surface here and 
there. Figure 5.1 shows rather artistic flower-like shapes 
of deposits, occasionally complete with stems. At other 
places on the same specimen could be seen (Figure 3.2) 
clusters of crystallites in the form of rods about 5—10 |j,m 
long. Often there were crystallites in the form of platelets 
(size 'V/IS p.m) similarly dispersed over the surface. 

Appendix A includes some photomicrographs and a brief 
description of these platelets. If the specimen was mounted 
(in Canada balsam) the crystallites loosened from the surface 
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and usually floated beyond the specimen euges to be enibedaed 
in the balsam away from the specimen itself. These surface 
features scattered light so much that in order to observe 
anything within the body of the specimen they had to be 
removed by li^^rc; grinding and subsequent polishing as state a 
in Chapter 2. 

No serioxis attempt has been made so far to determine the 
exact nature of these material of crystaH-Lites. It would 
be interesting to do so though, clearly, the deposits are 
likely to be some complex of gold chloride with moisture, 
already existing impurities and/or magnesium oxide. It is 
proposed to determine its chemical natui-e in the near future. 

3.3 ue coration (ilgures 3. 3-3.4) 

3.3.1 When repolislied specimens were (mounted in Canada 
balsam and) observed under bright-field illumination no 
second phase particles, random or decorating dislocations, 
were seen. Only imder dark-field illumination could the 
extensive aecoration be seen if there was any. jjecoration 
took place throughout the volume in the case of {001}- 
sections whereas in the case of {110} -sections it took 
place only to a depth of 8-10 p,m, indicating that gold 
(or gold chloride) diffuses through { 110} -surfaces neither 
rapidly nor considerably. Therefore all observations have 
been made on {001} -sections. On the other hand, {001} - 
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surfaces alloi;r easy and considerable diffusion of it. 

Figure 3.3 shows the general view under a magnification of 
230x and Figure 3.4 under 935 x. It is seen that the two- 
stage heat treatment has resulted in the diffused impirrity 
precipitating preferentially in dislocations rather than at 
random points. Further, as many photomicrographs show 
(for example Figure 3.10) the decoration is reasonably fine 
so that it has been possible to study dipoles and loops 
less than a micron wide. 

3.3.2 It was mentioned in Chapter 2 that crystals were 
heat-treatea in various ways, the parameters being holding 
temperature, holding time, rate of cooling in the first 
stage, end temperature of the first stage, rate of cooling 
in the second stage, etc . One-stage cooling mentioned in 
Parasnis et aX (1973) also was repeated. On the whole, 
one-stage cooling tended to give usual forests of disloca- 
tions, relatively poorly decoratedj that, in fact, was the 
reason for resorting to a two-stage cooling procedure. 

Among several variations of these parameters two were found 
to be useful not only from the point of view of good decora- 
tion but also of new interesting phenomena. In both of 
these procedures the holding temperature was 1350°C or so 
and the end temperature after the first stage of cooling 
was about lOOO^C, The cooling rate from 1000°G to room 
temperature was 2°C min”^ in both cases. Ihe essential 
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difference was in the cooling rate in the first stages 
being 10*^0 min"^ in one and 5°C min*”^ in the other proce- 
dure. The results obtained in the two cases are substan- 
tially different and are described in detail in §§3.5 
and 3.6 respectively. 

3.3.3 The most vexing question, to wiaich Miles' (1965) 
work gives a sharp edge, is vjhether gold (chloride) is in 
fact responsible for the decoration observed ana for the 
phenomena studied. It must be confessed that occasionally, 
but only occasionally, specimens which hsid been hea'o- 
treated in the standard way but into which gold had not 
been diffused did show decoration, loops and all, even when 
the platinum box and alumina crucibles used for them had 
never been used for gold-diffusion. This would seem to 
confirm Miles' and Lang and Miles' (1965) conclusion that 
the decoration was due to the exsolution of existing 
impurities. ¥e are, however, sceptice.l of such a conclusion. 
The evidence of the very low frequency of such decoration 
in o-ur work is strong enough. Stronger still is the 
observation that {110} -sections prepared from the same 
block never shoi.-ed even reasonably good decoration. If 
exsolution of existing impurities (Zr02, CaO or other) were 
the basic cause of good decoration, simply the fact of the 
surfaces of a specimen being {110} rather than {001} should 
make no difference whatsoever. In other words, the decoration 
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in {110}-sections should be as good. It never -was. The 
decoration therein was in fact so insignificant that it was 
difficult to observe it, let alone take photomicrograplis . 

¥e therefore are inclined to believe tha,t the decoration is 
due to gold although the role of existing impurities is 
not denied. The third piece of eviaeiice is mentioned in 
§3.4.1 dealing with the coloration of heat-treated crystals, 
with and mthout gold. 

3.3-4 Phot o ini cro /<raphs 

Most observations ar-e limited to ( 001) -sections . In all of 
the photomicro gi’aphs (including Pigmies 3.5 and 3.4 of the 
last section) the origin is imagined to be at the left hand 
bottom corner^ the horizontal edge is [100] , the vertical 
one [010] and the normal out of the paper the [001]. [HO] 
and [110] can then be imagined easily, as also the traces 
of {110} -planes. Occasionally it wi3-l be necessary to 
refer to the projections of directions of the type <011> 
and <112> inclined to the plane of observation. It is 
thought unnecessary to refer to the traces and projections 
every now and then in the subseq.uent writing. 

3.4.1 Colour of the crystals 

MgO is colourless to the naked eye. Heating beyond about 
700°C imparts a faint but distinct yellow colour to the 
regions near the edge (less than 0.5 nua wide). In order to 
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check whether this is due to iron particles from the 
cleaving chi sel/knife /blade embedding into the edges and 
later diffusing into the crystal, specimens were cleaned 
very carefully before placing in the platinum box (§2.5.4). 
Also, platinum is unlikely to diffuse into the crystal. 

It must be concluded that the impurities existing in the 
as-received crystal are responsible for the coloration 
after oxidizing? clearly oxygen of the air plays a part for 
otherwise the entire crystal would sliou colour. 

Gold-diffused specimens show a much more marked coloration 
throughout the body, though the very edges are more intense. 
I'his far more intense coloration shows that gold has 
indeed diffused into the crystal. Interestingly, the 
middle specimen of three placed in the platinum box 
together (§2.3.4) is far less intensely coloured than the 
two betvreen which it is sandwiched. It is not proposed to 
sort out this apparent contradiction in this report. 

retailed BSE and optical spectroscopic \7ork might prove 
rewarding for identifying the centres responsible for 
coloration and the elements involved. Ihis was not \mder- 
taken as the present investigation is on dislocations. 

3.4.2 Mcro-Hardness Measurements 

Table 3.1 gives the wei^ted averaged results of micro- 

-2 mv 

hardness measurements as Vickers numbers in Kg mm . The 
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averaging is over several Irdent-ations on specimens specially 
prepared for the purpose in control experiments, ill 
surfaces are {001}. 


Table 3.1 


SI Ho 

Spe cimen 

Vickers number 
Semi -Elements 

( 

Ventron 

1 

As-received 

702 + 

45 

642+42 

2 

Heat-treated, without gold 

863 + 

51 

830+21 

3 

Heat-treated, with gold 

(i) l-hddle of a triplet 

(693 + 

19) 

806+32 


(ii) Side of a triplet/ 
doublet 

821 + 

39 

838+75 


It is seen that our hardness numbers for as-received speci- 
mens are in the higher values of the range mentioned by 
Brookes and Moxley (1975) > viz 558-735 Kg mm””^. The dif- 
ference betw3en the hardness numbers of as-received and 
heat-treated crystals is significantly great, about 25%, 
to assert that the heat treatment hardens the crystals, 
both Semi -Elements and Ventron. The possible presence of 
gold does not seem to make much difference j this, of course, 
is what may be expected. 

5.5 Less Slowly Cooled Specimens (Figures 3.5-3.20) 

Figures 3.3 and 3.4 of §3.3.1 above show that the disloca- 
tions in relatively rapidly cooled crystals arc not smoothly 
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curved; ratliGi-* they appear somewhat sigzag. (Pigure 
3.21 of §3.6 wriich shows smoothly curved dislocations in 
more slotrly cooled crystals may he compared with these.) 
Both figures show that whatever features are observed 
have their lengths in the <110>- as well as <100> -direc- 
tions. 


5*5.1 Long an d narrow dislocation loops 

It is thought: advisable before describing the photomicro- 
graphs to give, as an aid to the reader, some idea of the 
shape of long and narrow loops seen and their crystallo- 
graphy. Table 3.2 lists four kinds of similar loops which 
lie on either {001}- or {011} . In either case the length 
of a loop, typically 10-125 fim, is parallel to either <100> 
or <110> ,* 'ohe width is never greater than about 1.6 [im. 

In Pigures 3.5(a,b) are seen these various long and narrow 
loops. The two decorated sides of a very narrow loop 
lying in the plane of observation can often not be dis- 
tinguished as separate because the decorating particles 
are large enough to touch one another and thus obliterate 
the width. In such cases, as can be seen, the decorating 
particles appear as short segments across the 'loop rather 
than as dots. A loop lying in (OlO) such as the one at 
bottom middle of Pigure 3.5a, which is seen 'edge on', can 
be distinguished as such by the dotty appearance of its 



Table 3 . 2 


jQop plane 

{ 001 } 

{ 011 } 


{ 011 } 

{ 011 } 


Loop length 


Typical shape 


Symbol Ntmiber of Density 
poiilKnitles- T^*! 


< 100 > 


Lla 3x2 « 6 4x10’ 


< 110 > 



Lib 3x2 = 6 2x10’ 


< 100 > 


L2a 6x1 - 6 


<ori> 



L2b 6x1 - 6 7x10® 

Total* 24 


< 100 > 



L3 


6x1 » 6 


< 100 > 


L4 


6x1 ■! 6 



{ 011 } 


< 100 > 


6x1 « 6 




Fig\are 3.5 
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decoration; if the decorating particles are seen as 

segments at all they lie along the length rabher than 
across. Figures 3.6(a,h) show long loops lying parallel 
to (001) with their length along [100]. Loops lying in 
the same planes but with their length parallel to [010] 
are seen in Figure 3.7 1 the photomicrograph b of this 
figure focusses about 4 pm below a. In this figure is 
seen also a loop, lying along [ 100] and connected at one 
end to a cusped dislocation. Other features seen in these 
six photomicrogj-'aphs, which among them display eight of 
the displayable twelve possibilities of Table 3.2, will 
be described in §3.5.2. Loops which lie in a plane 
perpendicular to the plane of observa.tion and which have 
their lengths along the line of si^fc, viz [001 ] , would 
show a cross-section of two dots except when the micro- 
scope is focussed on either of its ends. It' has been 
possible to follow such loops throughout their length but 
clearly it is not possible to display them by means of 
pho -cornier ographs. The cross-sectional dots of a {001}- 
loop lying along <010> lie along <100> ? and those of a 
{110}~loop lying along <010> lie along <110>. Similarly 
loops lying in the inclined {110} -planes and having 
their leng-ths along <oil>- and there are four possibilities-, 
also cannot be usefully photographed. If, however, the 
length is along <10Q> , a loop can be photographed. Figures 
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Figure 3.7 
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3.8(a, b) show a loop lying in (Oil) with its length along 
[100] i in a the microscope is focussed on the upper segment 
only whereas in b it is focussed so as to show both seg- 
ments, each slijfjhtly out of focus. Pigures 3.9(a,b,c) 
show rather unusual loops. The loop of figure a has 
aeveloped kinks in the middle} the consequent bulge in the 
middle seems to have straight opposite sides and could be 
the result of both an interaction with point defects, 
indigeneous or otherwise, and some stress operating on 
the loop. The loop of figure b has a bulge of a different 
character towai’ds one end. 

A feature of a good number of loops is that at only one 
end of each loop is seen a rather lai“ge and roughly 
spherical particle whereas at the other end no such 
particle is seen. The loop of figure 3.9Cy however, 
has dots at both ends; it has also a bulge that is unlike 
that of a or b. Table 3.2 gives the density of loops 
also, loops with dots at both ends are less numerous 
by a factor of 10. 

The phenomenon of prismatic pmching described in 
Parasnis et al '1973) is not observed in these relatively 
rapialy cooled crystals, presumably because large enough 
particles do not a ■ om t(. form. 




Figure 3 . 8 



Figure 3.9 
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5*5.2 * Eiffel 'lowers* 

In the foregoiiij'^ Figures 3.56, 3.66 end 3.96 are seen 
dislocations resemhling in shape the Eiffel lower and wc 
shall for brevity describe them by this name, like the 
loops described in §3.5.1 the Eiffel lowers have a large 
and rouglily spherical particle at the tip. Figure 3.10 
makes it seem likely that the mechanism of formation of 
both (long and narrow) loops and Eiffel lowers is the 
same. However, as discussed in Chapter 5, other mechanisms 
may and do e^n-st. lo the left of the main sequence can 
be seen ano Ihor, rather faint one, wherein the towers have 
a very small width. It may be noted thab the towers of 
Figures 3.5b, 3.9b, 3.10 and 3.11 lie in (OOl) and along 
< 010 >. 

On the other hand, the tower seen in the middle of Figure 
3.6b is in a plane inclined to ( 001) as indicated by the 
fact that parts of it are out of focus. More of such can 
be seen in Figures 3.12(a~e). In all cases the angle made 
by the plane of the tower (including the legs) with (001), 
measured in the usual way, was founu to be (45+3)°. It is 
concluded that the plane is nomina,lly {110} j however, it 
is not concluded uhat the legs and the tower are in the 
same plane, ilj'; to.rer seen in Figure 3.12c makes it clear 
that (i) the cvro legs are actually in parallel, close- 
spaced (110) -planes and (ii) the plane of the tower itself 




Figure 3.11 





Figure 3.12 
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is, in this case, (OlO). On the other hand, the plane of 
the upper part of the tower seen in the centre of Figure 
3.12a may he (001), (lOl) or (lOl) in any of which cases 
the ^k/'idth irj clearly seen, unlike Figure 3.12c wherein 
the upper pari; of the tower was seen eoge-on. In all 
cases the legs are more or less straight (and tins can 
be seen quite clearly in some of the photographs) in 
contradistinction to the towers lying on (001) of wMch 
the legs are curved considerably ( via o Figures 3.9b, 3.10 
and 3.11) . I'hc matter will be discussed in detail later 
in Chapter 5,* suffice is here to inspect the schematic 
drawings of Figti; j 3-13. These oov/ers lie in {110} 
whereas the obvservation is made in the (001 ) -plane. 
Consequently only the angle 6' between the projections 
of the lego rather than 0 can be measured. Table 3.3 
gives the results of the measurement and Figure 3.14a 
is a frequency diagram based on them. It shows that 
there is a bimclhng of the values of 0 around about 54 . 
This is also the angle between <210 >“directions which are 
the projectioncj of the <ll2>-directions on the (001) -plane. 
We therefore conclude that the legs of an liiffel Tower 
lying in {110} are actually along <li2>. This is a rather 
surprising coiiclusion in view of the fact that edge 
dislocations lying in {110} -planes and parallel to <112>- 
airoctions a^.-o, as elaborated in §1.0, configurationally 
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I'able 3.3 


i'o-srer No 

1 



Tower ITo 

1 

e 

1 

63° 

16 

42° 

2 

62 ° 

17 

38° 

3 

52°45‘ 

18 

49° 

4 

59° 

19 

51°40 ' 

5 

50° 

20 

61° 

6 

54° 

21 

50° 

7 

53° 

22 

52°10' 

8 

57°30' 

23 

42° 

9 

43° 

24 

50°15 ' 

10 

46° 

25 

51°35’ 

11 

O 

O 

O 

26 

55°40‘ 

12 

54°10' 

27 

6l°35' 

15 

48°30' 

28 

55°20* 

14 

50° 20' 

29 

63°30' 

15 

52° 

30 

54°30' 




jaqainN jaqujnN 


TPlaure 3 14 Preouencv diagrams of (a) the angles between the projections 
Figure 3.14 J onto {100) and (b) the angles 

between the legs of {100} towers. 
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charged, iPiguro 3.14b is a frequeiiC 3 r diagram of the 
angle between the legs of those Eiffel rowers which lie 
in ( OOl) . Since in. this case there is a random spread 
without bunching we conclude that the legs of {001} - 
towers are not dong any specific crystallographic 
directionj indeed since the legs are curved, the angle- 
measurement is not quite justified. 

Figure 3.15 shoxrs yet another feature, ibis is a sequence 
of spikes, the like of which is also seen in Figure 3.6a. 

The spikes differ from the towers in {110}-planes in that, 
first, their forms are not well developed and, second, 
their sequences lie roughly in { lOO} -planes. In common 
with the long loops and the towers there is at the tip of 
a spike a largo x^article. fhe spike sequence of Figure 
3,15 actually does not lie in a single plane, (001) or 
other. Another feature is that the spikes towards the 
left have almost no basej it develops more and more whereas 
the height of the tower H decreases almost to nil as one 
goes towards the right. Ihe same is true of the spike 
sequence of Figure 3.6a. 

3.5.3 Somewh a t unusual configurations 

In Figures 3.16-3.20 we show some unusual features observacL. 
Not all of thesu will be discussed in Chapter 5j they are 
included here as eviaence of an extremely wide variety of 




xaurc 



Figure 3.18 



Figure 3.20 
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dislocation configurations and phenoraeiia occurring in tlie 
crystals. 

The loops of figures 3.16(a,b) are unusual in that they 
have a taper at one end and they have perhaps not been 
formed completely yet, figures 3.17(a, b) are extremely 
unusual configurations in the form of a T-junction and 
cross-roads respectively. The rather complicated combina- 
tion of a zigzag loop and a few spikes seen in figure 3.18 
probably has crystallographic significance: the middle 
inclined segments of this combination make angles of 27° 
(lower segment) and 34° (upper segment) with [lOO] which 
are almost precisely the an^es made by <210 > and <320> 
with [100], Since the accuracy of photography and angle 
measurement is not more than about +3° the upper segment 
appearing to be along <320> is probably fortuitous? it 
probably is parallel to the lower one and both are parallel 
to <210>. The sequence seen in figuj’es 3.19(a,b) consists 
of almost all the features together: spikes, a somewhat 
squat tower and loops, (b is about 5 [J-m below a.) The 
Eiffel tower seen in figure 3.20 is puzzling because unlike 
those of §3.5.2 it is directed along <110> ? also the 
connection of its legs with other dislocations is not seen 
very clearly. 
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3*6 Less E-aPidly Cooled Crystals (Figures 3.21-3.27) 

Crystals wliich in the first stage of cooling -were cooled 
less rapidly, viz 5°C min“^ against 10° C min”^, do not 
show any of the features described in the last section. 
However, we do not know if this difference in heat treatment 
has much significance or there is some other parameter of 
significance wliich is as yet unknown. Figure 3.21 shows 
the typical decoration observed in these crystals. The 
dislocations go in a smoothly curved sweeping manner} in 
other words, they do not have an 'angular' appearance. 

For example, instead of long and narrow loops rather large 
lenticular loops are seen. Figures 3.22(a,b,c) show a 
typical loop of this type. The microscope is focussed 
successively on different parts of the loop, each step 
being about 4 pm lower. The angle which the plane of the 
loop makes with (001), measured in the usual way, is 
about 45° from irhich we conclude that these loops lie in 
< 110 } -planes. As these micrographs show, the loops are 
cusped along <100>. 

In addition to the lenticular loops aro observed also 
parallellogram-shaped loops such as those seen in Figures 
3,23(a,b) and 3.24. In Figure 3.23(a) the microscope is 
focussed on the upper two segments of a loop while in the 
lower it is focussed midway so as to show the entire loop, 
of course, slightly defocussed. It has not proved possible 




Figure 3.21 





■i^iqure 3.22 



Fiqure 3.24 
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even to make an ; ntelligent guess at che crystallograpliic 
directions to nMch the sides are parallel. Pigure 3.24 
shows two 0 C tliese loops lying respectively on (Oil) and 
(Oil). In Pippirc 3.25 is seen a similar loop the sides of 
which are slightly rounded and which seems to he connected 
at one end bo another dislocation. As the crystallography 
of these loops is thus not clear we do not propose to 
aiscusG them 'In detail, they have been displayed here for 
the sake of completeness. 

In Figure 3.26 is seen what is clearly a helix - of two 
and a half turn - the projection of which on a plane 
normal to its a:f:is is lenticular like the loop of Figure 
3.22. I'liis iuuicates that the latter is, unlike the loops 
of §3.5, prismatic. Helices of this kind were apparently 
observeo. by LEang: and Miles (1965) by X-ray topography. 

'fho only featuxc in these crystals wliich is common with 
those described in §3.5 is the spike seq.uences (Figure 3.27). 
Notwithstanding the, perhaps insignificant, difference 
between the two Icinds of heat treatment the origin of 
spikes must bo the same in the two. 

3 • 7 Previoin i.. v/ork on dislocations in MgO_ 

Ihere have bc^n essentially three kinds of investigations 


on dislocations in MgO. 




Figure 3.25 



Figure 3.26 
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(i) Study of slip systems, cross-slip, crack forma- 
tion etc by mcnns of etch pits, birefringence and surface 
mar kings (Keh IQ60, Clarke et ^ 1962, Argon and Orowan 
1964(a, b), jjay rutd Stokes I964, Atkins and Tabor 1967, 
Potedar aj. I97I, Singh and Coble 1974, Brookes et al 
1975). 

(ii) Electron microscopy (Washburn et al 1960(a,b); 
Groves and xujlly I96I, I962 (erratum), 1962, 1963| Stokes 
.'-uid 11 1964, Wfinubum and Cass 1966} Barayan 1972, 1973(a,b), 
197r'(a,b)} larrc/un jand VJashbum 1972(a-d), 1973). 

(iii) uccoi'ation by existing or intentionally 
incorporated impurities (Miles 1965, Bang and mies 1965, 
Pai'aonis et a.1 1973) . 

Quite clearly the present work is of the last kind. >/hen 
it ’rfas begun no electron microscope was available} by the 
time one became available the work had progressed suffi- 
ciently for it not to be abandoned. I'he work is expected 
to be continued, using the electron microscope, but for the 
purposes of bhio report the work is comparable to that of 
Milco (1965). ihe long and narrow loops and the series of 
spikes observed here resemble the features of Miles' 

Pigui'os 2, 4, 9. It is necessary therefore to point out 
the difforcac.s ucti. jentho xwo investigations. Pirst, 
the motivation here was quite different ( vide Chapter 1). 



Second, the impurity was incorporated into the crystals 
intentionally here whereas Mies worked on impurities 
already existing. Third, as this Chapter has shown, the 
present work is much more exhaustive even as far as the 
features common to hoth are concerned, purely ohserva- 
tionally as well as crystallographically. Fourth, in this 
work many new features have "been observed. Finally, here 
we have attempted ( vide Chapter 5) to relate the crystal- 
lography of all of the features observed to the formation 
of dipoles of dislocations} we have also tried to extract 
new information on dislocations in MgO and on their slip 
systems. It is indeed planned to extend the work by using 
an electron microscope (Philips EM 301) and its BlAX 
system which have become available recently. 



Chapter 4 


RgigJSW OF DI SLOCAl^IOh gIPOLES MP LOOPS IN SIM~GrLB GRYSTUiS 
OP MAGNESIUM OZEhE 

4*1 Introduction 
4.1.1 Slip in Mfip 

Magnesium oxide has the rocksalt structure. It deforms 
most easily on {110}. The operating slip system at room 
temperature is { 110}<110 > while at high temperatures the 
{100}<ll0> “Slip system hecomes active. Considering the 
primary slip system viz {110}<lio> , there are six '"{llO} - 
planes each containing only one slip direction. Axi edge 
dislocation lies along < 100 >-direction while a screw- 
dislocation lies along <ll0>-direction. An edge disloca- 
tion glides in the <li 0 >“direction which is the direction 
of atomic displacements. looking at a screw dislocation, 
atomic dis place KBnts in the < liO>-dir e ct ion result in the 
movement of the dislocation in the < 001 > -direction. Plastic 
deformation introduces damage in the form of edge disloca- 
tion dipoles and elongated loops. This is due to the 
frequent cross-slipping of the screw dislocations from 
{110} -planes on to {010} -planes. The crystals contain 
dislocations introduced by cleaving and handling in addition 
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to the growi-in dislocations. The grom-in dislocations 
are almost imwolile as they possess either wrong Bargers 
vectors or wrong slip planes (Langdon and Pask 1970), So 
dislocations inoroduced freshly alone participate in the 
formation of different configurations. It is thought 
worthwhile "briefly to review the models proposed so far to 
explain the formation of dislocation dipoles and loops. 

4.1.2 S uitahi lit y of MgO for dislocation studies 

Magnesium oxide is a material particularly siiited for a 
variety of studies on dislocations. Since it is transparent 
the decoration and birefringence techniques can be used 
easily. Etching solutions for revealing dislocation sites 
are simple. Thinning for electron microscopy and x-ray 
topography can bo done simply and reliably by using hot 
ortho phosphoric acid or, better still, by means of an 
argon ion beam machine. Most techniques of observing 
dislocations directly are able to distinguish gr own-in, 
fresh and aged dislocations. The melting point is suitably 
high, 2800° 0} this high melting point is, on the other hand, 
a disadvantage because it is very difficult if not impossible 
to grow crystals oneself. The really great disadvantage is 
that the purity of commercial crystals, even those claimed 
as being 99.9% pure, is suspect. Magnesium oxide is 
chemically hi^y stable and not hygroscopic like the ! 

t 

I 


1 
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alkali halides j nor is it soft like the silver and 
thalliUDi halides, Finally, its very simple structure 
is not a small advantage when it comes to analysing 
dislocations . 

^ MechaniSLis of Formation of i;islocation loops in MgO 

Almost all the loops observed so far in single crystals 
of magnesium onide have been found to have formed from by 
either the aggregation of point defects or the termination 
of dislocation dipoles. These mechanisms are described 
below. 

4-2.1 A.ggregation of point defects mechanism 

When a crystal is heated to a high temperature and cooled, 
cooling produces a supersaturation of point defects. 

Consider a supersaturation of vacancies clustering in the 
shape of a disc on (100)— plane. When this disc of vacan- 
cies collapses, a prismatic dislocation loop with Burgers 
vector a[100] results. This configuration is unstable as 
it introduces a very high stacking fault energy. In order 
to eliminate the stacking fault the atoms undergo a displace- 
ment of {a/2) [010] on this plane which results in a prismatic 
dislocation loop with Burgers vector (a/2) [Oil] (Amelinckx 
1964). But recontD^r Zakharov ^ ^ (1975) and Narayan (1978a) have 
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observed prismalJic dislocation loops ■with a<100> Burgers 
vector ( see §4*5 for further discussion). 

4-2.2 jjislocation dipole mechanisin. 

This consists of two stages. In the first stage, a 
dislocation dipole is fonaed and in the next stage the 
dipole is pinched off, Yarious types of interactions 
giving rise to dislocation dipoles and to their termina- 
tion have been proposed. T'wo dislocations lying on 
neighbouring slip planes and having such configurations 
as to move towards each other under the action of the 
same stress create, on coming nearer, either a row of 
point defects if their slip planes are adjacent, or pass 
over without interfering if they are far apart. If the 
separation is of the order of a critical value h given by 

■u < G-b 

^ - 8tiIi - V ) t 

where G- is the shear modulus, b the Burgers vector, t the 
applied stress and v Poisson's ratio, their mutual stress 
fields ■ prevent them from crossing over and thus they are 
said to constitute a dislocation dipole. Elkington e;fc ai 
(1963) found that the separation of the dislocation dipoles 
in cold worked camples never exceeded the theoretical 
value obtained from the above expression (about 250 2 ). 
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Koeliler (195 2) and Orowan (1954) proposed a mechanism 
on "the basis oi multiple cross-glide. Wlien a segment 
of a screw dislocation gliding on ■(HO}-piane cross-slips 
on to {001} -plane a pair of jogs in edge orientation 
connected by che cross-slipped screw segment is created, 
fhe screw segments continue to glide dragging a pair of 
edge dislocation dipoles (ligure 4.1a) . Jolmston and 
Gilman (i960) suggested a mechanism slightly different 
from the above, involving a single Jog in a gliding 
screw dislocation. If the Jog is eq.ual to one inter- 
planar separation a row of vacancies is created as the 
screw dislocation ^ides. In the case of a long Jog the 
two segments glide independently. When the Jog is of 
intermediate hej^t the two edge segments created by the 
gliding screw dislocation are subjected to their mutual 
stress fields which keeps them stable and prevents them 
from crossing over one another and a dipole is created 
(Figure 4.1b). 

I’etelman (1962) considered that the cross-slip of a screw 
dislocation during the initial stages of deformation is 
improbable. Electron microscopic investigations have 
revealed that screw dislocations with tail-like dipoles 
on both sides are formed. He considered that dipoles are 
created due to collision mechanism in which two dislocations 
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Figure 4.1 (a) Koehler ~Orowan mechanism o:^ multiple cross-glide of a gliding 

screw dislocation resulting in Elongated orismattc dislocation 
loop. (b) Johnston-Gilman mechanism of the formation of a 
prismatic dislocation loop bv the double cross-slio of a gliding 
screw dislocation. In both a and b the dashed line indicates that 
the segment is in a parallel plane~below the plane of the segment 
shown by unbroken line. 
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with, opposite Bargers vectors Riding on two neighbouring^ 
glide planes, on approaching nearer, orient in such a way 
that one is directly above the another mth edge orienta- 
tion so as to lower their energy. The screw segment which 
is already present in one of them or created by kinking 
cross-slips, resulting in a dipole and a jogged dislocation 
(Figure 4.2)*. Stokes and Olson (1963) proposed a mechanism 
by which a dipole having a length smaller than its height 
is formed when tiro screw dislocations with the same sign 
gliding on the same slip plane cross-link to create a 
dislocation dipole at the cross-over point. 

When a dipole is terminated or pinched off a dislocation 
loop is formed. Termination occurs by climb at high 
temperatures whereat vacancies can migrate towards the 
dislocation core making it climb. Tetclman suggested two 
ways in which termination takes place by cross slip 
(Figure 4-3): (l) One of the edge dislocations of the 
dipole develops a kink (having a screw character) which 
cross slips and terminates the dipole. This process of 
kinking followed by cross slip is energetically favourable 
only when the ans^® between the dipole and its Burgers 


•it is customary in the literature to say "...dislocations 
having opposite Burgers vectors-..**. This leads to an 
inconsistency in the diagram of the dipole. We have 
therefore modified this statement in the text. A reference 
to Figure 4.2c will show how the ‘consistency problem' 
is solved. 
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vector is < 50°. (2) Wien the arms of the dipole are 

■unequal in length, which is usually the case, termination 
occurs by cross -slip at the end. But this process needs 
the help of external stress in the cross-slip plane . 

Washburn has suggested that since the unpinned parts of a 
dipole are usually of different lengths they expand unequally 
under the action of an applied stress causing the dipole 
ends to become curved. The configuration in this situation 
is shown in Pig. 4.4. The two arms of the dipole consist 
of screw and mixed dislocation segments at the end. The 
force of attraction between the screw and mixed segments 
causes the screw segment to cross-slip and terminato the 
dipole (Washburn 1965). Narayan (1972) obtained evidence 
for the operation of this mechanism in single crystals of 
MgO. The terminated end in this case will be slightly bent. 
Li and Swann (1964) critically analyzed the termination 
mechanisms due to Tetelman and Washburn and found from their 
calculations that Washburn's mechanism is the most probable 
one as it needs least stress for the termination of the 
dipole. Pourie and Wilsdorf (I960) have pointed out that 
it is not clear why screw dislocations should suddenly 
cross-slip in the spectacular manner that is required by 
either the Koehler -Orowan or Johnston-G-ilman mechanism or 
any of their variants. They suggested that a gliding screw 
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dislocation would form a dipole on meeting a void and 
that the edge segments of the dipole would climb in 
opposite directions as a result of the vacancies from the 
void diffusing to their cores. Pinching of the dipole 
takes place eventually and an elongated loop is produced 
that is not a prismatic one? rather, it is a slip-cum~ 
prismatic loop. It is shown in Chapter 5 that some of the 
loops are geometrically similar to those formed in this, 
Pour ie -¥ils dorf , way , 

Termination of a dislocation dipole results in a narrow 
elongated loop. The width of the loop is about 50 £. 

But on annealing these elongated loops break up into 
strings of circular prismatic loops. The separation 
between the circular loops and their diameter indicate 
that the area of the loop remains constant during break 
up. Groves and Kelly (1962) observed such breaking up 
of loops in MgO ..while Price (i960) observed similar 
brea3iing up in Zn and Cd. Groves and Kelly developed a, 
theory for the kinetics of the breaking up process with 
the assumptions that the lattice is frozen outside the 
dislocation core along which ions are transported by 
vacancy migration, and that the process is controlled by 
the movement .of ions from one part of the dislocation to 


the other. 
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^ ^ Co n figarations Observed in M,sp 

Washburn et aL (I960) observed for the first time disloca- 
tions and dislocation reactions in thin foils of single 
cryutalo of KgO using transmission electron microscopy. 

Ihoy obtained direct evidence for the double cross-slip 
of ucrew dislocations from {101}-planes on to {010} -planes 
tuid back to parallel {101}~planes and dislocat ions 
undergoing reactions of the type 

(a/2) [Oil] + (a/2) [101] (a/2) [110 ] . 

jjoubJa cross-slip of screw dislocations resiiLts in elongated 
prismatic dislocation loops. Groves and Kelly (1961, 

1962a) etuGiod the effect of annealing on plastically 
dwformod crystals. On annoaling in the temperature range 
1200-1500°C the elongated loops formed during plastic 
deformation break up into strings of circular prismatic 
loops ( diameter n, 500-2000 £) , These loops lie on CllO>- 
pionos perpendicular to {iio}“Plan®® which slip has 
• occurred and have Burgers vector (a/2)<iio>- They corres- 
pond to a collapsod disc of vacancies. 

Mlloo (1965) observea in amealed as well as in as-received 
single crystals unusual decorated dislocation configura- 
tions such as Christmas trees, spikes, irregular loops 
etc , and regular configurations like long elongated loops 
and helices. Those observations were made under optical 
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microscope. Tlie unusual configuration of the * Christmas 
tree* had greatest projected height of about 50 pm. 

X-ray topographic studies by Lang and Miles (1965) 
revealed that the loops whose long axis lies along [100] 
have Burgers vector parallel to [Oil] or [Oil]. The 
mean direction of the axes of the helices is found to be 
that of the Burgers vector of the helix, which is [Oil] 
for most of thorn, but with a scatter of +20° from the 
direction of Bu.rgors vector. The distorted helices have 
the major diameters in the range of 50-200 pm. They 
concluded thab the unusual configurations are nothing but 
a perturbation of already existing dislocation distribution 
and that climb is responsible for their unusual orienta- 
tion. These structures are too large to bo seen by 
electron microscopy. 

In addition to vacancy loops, interstitial loops were also 
observed in plastically deformed and subsequently annealed 
crystals (Karayan and Washburn 1972a). dislocation loops 
observed in single crystals of MgO seem to be all prismatic 
in character. Vacancy loops with Burgers vector (a/2)<110> 
associated with impurities such as Mg 0 -il 20 ^ spinel have 
also been observed (Narayan 1975) • Quantitative measure- 
ments on the self-climb of dislocation loops were made by 
Narayan and Washburn (1972b), 
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Ogawa (1966a, T d) observed long dipoles (>1 pm) and suggested 
that such long dipoles could be formed only by a collision 
mechah.ism and not by a rearrangement mechanism (also suggested 
by i’etelman) . He obtained evidence for dipoles formed by 
the rearrangement mechanism also, whicli (dipoles) were of 
very short length (<0.5 pm). Appel ot _al (1977) studied 
the motion of screw dislocations and their interaction with 
point obstacles by performing situ -deformation experi- 
ments on tMn foils of MgO in a high voltage electron 
microscope flie loops observed seem to have formed by 
the Johnston-Gilman mechanism. 

Mitchell et al (1977) studied the irradiation damage in 
the temperature range 300-970°E and observed a large 
number of dislocation loops which were of perfect inter- 
stitial type lying on {110} with Burgers vectors (a/2) <lio>. 
These studies wore carried out by high voltage electron 
microscopy. Groves and Kelly (1963) studied the effect of 
neutron damage in MgO irradiated at a tomporaturo loss 
than 473°K:. The crystals become intensely coloured. Most 
of the ions displaced by irradiation return to their normal 
sites during irradiation itself. On annealing these 
irradiated crystals, the damage coarsens and circular 
prismatic loops are formed. 
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Parasnis et (1973) observed eqijilibriuin dislocation 
configurations like prismatically punched out loops which 
later expanded by climb and elongated loops (elongated 
along <100>) . Zakharov _et ^ (1975) observed square- 
shaped prismatic dislocation loops lying on {100}. Ihe 
sides were parallel to <110> and the Burgers vector was 
normal to the plane of the loop. Narayan (1978) observed 
a<100> -dislocation loops of circular shape in thin foils 
of MgO just before electrical breakidown. Both square and 
circular loops have been identified as being of vacancy 
type. 

Stokes and Li (1964) found that when a prestrained crystal 
is subjected to heat treatment above 600*^0 its strength 
increases. At higjtier temperatures and with more prolonged 
heat treatment there is more resistance to the ronewod 
movement of the aged dislocations. Two hours of heat 
treatment up to 1000° G results in the complete locking of 
the dislocations. But bend tests indicated that yielding 
occurs with jerlsy flow. This shows that dislocations are 
being unlocked and this is referred to as weak dislocation 
locking. Above 1000 C dislocations are locked strongly 
after 2 hr at 1200°C or 30 min at 1500°C or 15 min at 


2000° C. 
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4.4 Summary 

I’ho brief ourvoy g,iven above may be summarized as follows? 

(i) At room temperatures tbe operating slip system is 
{110}<ll0> whereas at high enough temperatures {001}<110> 
aino operates. Burgers vectors of the type a<100> are 
obsorvod, for sessile loops only (see ix below) . 

(ii) A survey of the literature shows that only prismatic 
loops arc observed in single crystals of magnesium oxiae. 
Blip loops (ip. Burgers vector lying in the plane of the 
loop) do not seem to have been observed. 

(iii) A gliding screw dislocation undergoes double 
cross“Slip giving rise to an elongated loop lying on 
{110}-plane perpendicular to the glide plane of the 
moving screw dislocation (Koehler-Orowan and Johnston- 
Gilmani Figures 4.1, a and b respectively). 

(iv) I'wo dislocations lying in nearby slip planes and 
having opposi’wo Burgers vectors moving towards each other 
orient in such a way that the edge segments ane one above 
another and thus constitute a dislocation dipole, ihis 
dipole terminates by developing a Id-nk (having a screw 
segment) which cross-slips resulting in an elongated 
prismatic loop (Te.telman; Fig. 4.2). 
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(v) Jjislocation dipoles invariably occur -vritb. the 
component dislocations of unequal lengths. Because of 
this they exponu unequally under the influence of a 
streos and thus they become curved, i'he end of the 
dipole now consists of screw and inixed dislocations 
which attract oach other resulting in the screw compo- 
nent- cross-slipping and terminating the dipole 
(Washburn,- Figure 4.4). 

(vi) I'he above termination mechanism (suggested by 
Washburn) has Ijoen found to be the most probable one in 
magnesium, oxide since it needs least activation energy 
(Li Swann 1964). 

(vii) Ihe elongated prismatic loops break up into 
strings of circular loops on annealing. 

(viii) Circular loops of vacancy type are formed by the 
collapse of disco of vacancies. They lie on {110}-pianes 
and are associated with impurities. 

(ix) Square-shaped a< 100 > -dislocation loops lying on 
{100)'“P3-ab'Od (Zakharov et al 1975) ai^e associated with 
the impurities and have been identified as vacancy loops 
while the circular loops on {lOOl-planes (Narayan 1978a) 
are not associated with any impurity. 
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( x) Grom-in ciislocations in commercially pure single 
C22.y£jt;als cannot be moved, at room 'X', even under very 
stresses. 1X76311 dislocations injected into tlie 
oryoLal surface are aged at hi^ 'f resulting in weak 
locking (due to impurities) above 500° C and in strong 
locking (due to configurational reasons) above 1200° C. 
Hf-ating CO I 9 OO C immobilizes all dislocations completely 
( Olokes and Li 1964 ) . 


4 . 5 C omment o n the Term * ninole* 

1 lie term * dipolo' is used in tlie literature for a vaniety 
of olslocation configurations. ¥e colloct here the 
diotinct configurations for ready reference . 

(i) Two parallel, opposite (b, -b) , edge dislocations 
on parallel slip planes, at 45 ° (iTabarro 1967 , p 89 , 

Fl{p.ire 2.10) . 

(ii) A oorailoop of dislocation, the di^Dole plane being 
normal to b, so that the two edge segments of the dipole 
glide on parallel slip planes (labarro, p 583, Figure 6 .I 5 ). 

(iii) A serailoop of dislocation lying ontirelj^ in its 
slip plane, longer segments being normal to ^ (Habarro, 
p 303 , Figure 6.14j Friedel I 964 , p 242, Figure 9.3b). 

(iv) A semiloop (formed, for example, by Fourie-¥ilsdorf 
mechanism), the dipole plane being at angle to b other than 
90 °^ (Nabarro, p 376, Figure 6.11). 
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(v) A semilooii, similar to (iii) above imtneaiatels^ upon 
its formation and to (iv) above after climb, tlie anchoring 
at the open ends being due to entirely different reasons 
(this work, Cliapter 5, Figures 5.4, 5.8). 



Chapter 5 
JUISCUSSIOK 

5 .1 The Approach 

Before embarking upon the discussion of the results 
obtained in this uork a fe'w general remarks may be made. 
Our approach shall be to search for a mechanism or 
mechanisms for bhe final dislocation configurations 
( Chapter 3) to have come about presumably by equilibra- 
tion under the conditions of heat treatment and in the 
presence of (intentional and unintentional) impurities. 
From among the observations made a feu have been selected 
for a detailed discussion on two grounds: first, they 
oeem to be neuj second, they are directly related to the 
motivation uith which this work was undertaken. These are 
the long and narrow loops, Eiffel towers and the role of 
the deliberate impurity (Au) . 

It will be apparent later in this chapter that the upper 
part of the Eiffel towers is a dislocation dipole. In 
Chapter 4 was given an account of the various mechanisms 
invoked by earlier workers to explain the formation of 
dipoles in magnosium oxide, long and narrow loops and 
dipoles have been observed by almost everybody who has 
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clone electron iidcroscopy on magnesium oxide. Admittedly 
oho scale of electron microscopy is quite different from 
txiat of the present work hut the same mechanisms might be 
expected to appl 3 !^ here. One obvious reason that they do 
not, is that loops elongated along <lio>, which do not seem 
to have been observed before, cannot be formed as a result 
of their operation. I'he general characteristics of the 
<110>”loops (i^ lib and L2b) are so like those of the 
<100>~loops 11a and L2a) that even the latter could 

not be Said to have formed by those mechanisms. Our approach 
therefore will bo consistent with the imposition that the 
same mechanism sliall apply to all long and narrow loops 
described in Chapter 3 . 

The third part of our approach is the following. Mies 
(1965) and Lang and Mies (1965) have tried to explain the 
occurrence of decorated dislocation configurations purely 
on the basis of the climb of existing configurations in 
the as-grown crystals although, as they have remarked in 
their papers, i'i> had not been possible for them to explain 
all of the foaturos. Apart from tho lenticular loops and 
the corresponding helices and the {100}-spikc sequences 
there are virtually no common features between the two 
investigations. It is therefore evident that climb alone 
cannot explain (or explain away) the Eiffel towers as well 
as the long and narrow loops. These configurations are 


A' 
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observed only in crystals into which sold has been diffused. 
Vc therefore reject simple climb as the basic cause giving 
rise to them. 


5.2 Jjecoration 


5.2.1 I'he chcr'icai formula given on the label of the 
vinl of gold cJ'loride supplied by Johnson-Matthey is 
HAuC 1 ^xH 20 . i’Ms compound, which is simply AuCl^ in 
combination v/itli moisture, would clearly lose its water as 
soon ao Lhe furnace temperature is rcr-.ched, say, 25-50 C, 
above room temperature, and be AuCl^. AuCl^ decomposes 
into AuCl and chlorine gas at about 260^0 and AuCl itself 
is reduced to metallic gold at still higher temperature 
(Wise 1964). Both chlorides are ionic compounds, the radii 
of Au"*" and Au^’*" being 1.57 2 . and 0.85 2 respectively. As 


far as the diffusion into the crystals of magnesium oxide 
in the furnace is concerned it is the Au ion that diffuses 
tiirough the surface because (i) its radius is much more 
favourable, and (ii) since the film of auric cliloride was 
sandwiched between two crystals the cnlorine cannot have 
all formed into molecules and escapodj rather, it must still 
be in ionic form so that the gold also is in the corres— 
ponuing ionic :orn. The details of the diffusion of Au^ 
need no I coucori uc here but clearly sufficient gold 
diffuses into the crystals very probably by the inter- 

fhe deep yellow coloration of the 


stitialcy mechanism. 
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Gciijes and the li{;hter coloration of the entire crystal 
are a result of the incorporation of gold. 

!?-2.2 I’he ne3:t q.uestion is whether gold is responsible for 
aecoration. It has been pointed out in §3.5.1 that gold 
does not diffuse throu^ {110}~surfaces and that therefore 
such attempts at decoration failed. If gold had not been 
responsible for the decoration, that is if the impurities 
in tho as-received crystals were primarily responsible as 
in Miles* worl;:, these attempts would not have failed, 
iturther, with appropriate identical heat treatment doped 
crystals invariably had far better decoration than the 
undoped crystals which latter had any decoration worth 
mentioning only occasionally. ¥e have no doubt that decora- 
tion is by the precipitation of metallic gold on disloca- 
tions, No analysis of the impurities in as-receivod crystals 

* 

was available from the manufacturers. A few samples showed 
the presence of calcium oxide precipitates (in epitaxial 
orientation), but not of Zr 02 . 

When crystals are heated beyond 1400° C no decoration occurs. 
Wo presume that tho protracted heat treatment at the higher 
temporaturos made the dislocations anneal out more completely. 

*Wo aro inaobtod to Professor v J Barber, hepartment of 
Physics, University of Essex, Great Britain, for examining 
these samples in a JEOL-make lOOCX analytical microscope. 
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Uhls is consistent with, the ohservations of Miles (ipc cit ) 
and atokes and li (1964) . 

It haa not beon found possible to give sn explanation of 
vrhy gold does not diffuse through {110 }-surf aces . If the 
mechanism of diffusion involved substitution and subseciuent 
migration from site to site, basically there is no reason 
why diffusion txxrough {110} -surfaces should not be as good 
as through{100} -surfaces . It therefore seems that the 
electrostati calls'" 'neutral' structure of {lOO}-surfaces 
makes it pai'ticularly easy for Au^'*' to diffuse through 
whereas the different structure of { 110 } -surfaces presents 
relatively liif^ potential barriers. I'he problem may be 
related to such factors as are involved in ion chanelling. 

The ionic radii of Mg^"*", 0^~ and Au^"^ are 0.66 1.32 R 

and 0.85 R respectively, and their electronegativity 
coefficients are 1.1, 5.4 and 2.9 respectively. Electro- 
negativity differences are X(0^~)-Z(Kg^' ) =2.3 and 
X(0 ^‘“)-X(Au^'*’) = 0 . 5 . Au^ is thus milikely to go into 
MgO substitutionally . Ihis is unlike Cu"^ which readily 
goes substitutionally into AgCl because X(C1 ) -X( Cu ) = 1.2 
= X(Cl“)-X(Ag*’) . Also AU^'*' is a much larger ion than 

again unlike Cu’*' which is much smaller (0.72 R) than 
the host cation Ag"^ ( 1.26 1), fhus the important conclu- 
Sion is reached that in the present case Au resides in 
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MgO int erst it i ally. Even so, since gold is trivalent 
there must be adequate compensation for the extra charge. 

I’wo Au interstitials will lead to one Mg^ vacancy, the 
gold, ions being in adjacent octahedral sites with a magne- 
sium vacancy in between as long as there are no other 
factors affecting this obvious arrangement. 

5 . 3 H ardness 

As Table 3.1 shows, heat-treating with or without gold 
increases the hardness of crystals by 25-30 % which must 
be due in part l;o solid solution hardening and in part to 
precipitation liardening. Since all of the dislocations 
remaining at the end of the heat treatment are locked by 
decoration they would not take part in any plastic 
doformation at room temperature. These ai'c standard results 
regarding any docora/cion in any material whatsoever. 

The incorporation of gold is not reflected in hardness. 

Gold precipitaboG on cooling. The original impurity 
content was up to 0.1% whereas gold-impurity cannot be 
more than a tenth of this. Consequently gold may not be 
expected to have much effect, if any, on hardness. On the 
other hand, ad stated in the last section, decoration seems 
to be by gold particles so that wo have somewhat conflicting 
observations hero. Or, and this is more likely, the two- 
stago cooling overages the crystals in the presence of gold 
which clearly is not soluble in MgO. 
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5-4 C ooling Rate and lis location Conf ifflirations 

It was mentioned in §3.3.2 tliat there was a distinct dif- 
ference "between the appearance of the dislocations in 
crystals which had been cooled a little more rapidly 
(lO'^C rain"^) during the first stage of cooling and that 
of dislocations in crystals which had been cooled less 
rapidly (5°C mLn"*^) . Ihis is consistent with the gcnoral 
observation in most materials that dislocations tend to be 
if vacancies do not easily disappear from the 
fjurface, wMch condition would hold for rapid cooling, 
whereas they tend to be smoothly curved if vacancies have 
the facility to diffuse towards surfaces and disappear, 
wtiich condition would hold for less rapid cooling (H’abarro 
1967 ) , It is rather strange that cooling rates of 5 C 
min“^ and 10°C min"^, which do not differ all that much 
roally, should make a significant difference. One could 
have understood tho differonco if tho cooling rates had 
boen widely different, say 5°C min and 50 C min . 

Howovor, tho observation stated has boon mado repeatedly, 
so it appears that at the temperature of gold-diffusion 
(1350^0) this difference between the cooling rates is 

sisnificant . 

The second stage-cooling rates in the two cases were identical 
(2°C min"^, Chapter 2). Since the difference between the 
two cases is in dislocation configurations but not in the 
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Q.Uality and depth of decoration, we conclude that it is 
during the second stage of cooling, in "both cases slower 
than the first, tliat decoration occurs, lecoration 
requires not only the nucleation hut also growth of 
particles so tha'c; the much smaller rate of cooling in 
the decorating stage is a natural requirement. It is 
during the first stage that the configurations observed 
got stabilized by the operation of one or moro of the 
following factors; 

(a) the diffusion of gold ions (Au^') towards 
dislocations 

(b) the diffusion of vacancies totfards dislocations 
and their consequent climb 

(c) interaction between dislocations and Au^"*", 
leading to changes in configurations from what is normally 
expected (£f Parasnis et 1965) 

(d) the glide of dislocations, on both {110} and 
{100} under the action of thermal stresses, one another's 
stresses and stresses set up by Au precipitation processes. 

Holding the crystals at the high temperature for long 

periods of time is responsible for (i) the diffusion of 

« * 

gold into the crystals throughout the volume, and 

(ii) annealing out of a part of the original dislocation 

content. The mechanisms suggested in the next section 
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should thus le understood to be taking place during the 

3*tstg6 of cooling* 

A 

^ and Long and Narrow Loops 

5 • 5 - 1 Vacancy condensation 

Consider first the possibility of condensation of point 
defects into discs and subsequent formation of loops 
(§4.2.1). Such loops, haying Burgers vector (a/2)<110^ 
or a<ioo> ( ZakLiarov ^ ^ 1975 and Rarayan 1978a), would 
be squano—ohaped or circular. Sven after some glide, 
assuming they were glissile (which they are not) , they 
would not have the long and narrow form. We may therefore 
discard point defect-condensation as the basic factor. 

i'ho next kind of mechanisms to consider is the formation 
of dipoles and subsequent pinching (§4.2.2). If the 
dipole is formed by the cross slip of a screw dislocation 
according to {110}<li0> the subsequent pinching by another 
cross slip gives rise to a prismatic loop on {110} elongated 
along <001> tliat is like the loop L2a (fable 3.2 and 
Figure 5.1). Such a loop is known to break up into a 
string of circular loops thus reducing the energy consi- 
dorably (Groves and Kelly 1962). Ihis breaking up is not 
observed in tho present work. If similar double cross 
slip mochanisms are to bo invoked for tho formation of the 
loops Lla,b and L2b a moment's thought will show that it is 
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necesaary to invoke not only {100} slip planes lut also 
a<100> Burgers vectors. We believe that such an abundance 
of slip-planes -and-vectors combination is unlikely to 
exist. Vfe must therefore look for some other mechanism. 

5. 5*2 bis location collisions 

Applying any of 'i'etelman's mechanisms (1962) of col3.isions 
between moving dislocations in order to have a variety of 
pianos and directions of elongation in the end products 
is a formidable task. It will not be undertaken here, not 
because of its complexity but because it turns out that 
all manner of slip planes and vectors will have to be 
invoked here also. Although in recent times, as mentioned 
above, a<100> Burgers vectors have been observed the 
loops concerned are sessile so that it is not possible to 
visualize I'etelman's mechanisms operating with such a 
Burgers vector. 

5.5.3 Slip, loom 

It ±8 tempting therefore to give up the notion that the 
loops (LI, L2) are prismatic and considor them to be slip 
loops, the Burgers vector in each case being in the l©bp 
plane. Such an analysis has been done on the basis of a 
gliding screw dislocation {a/2)<110> coming across an 
obstacle, in particular a precipitate particle, forming a 
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dipole by ■wrapping itself around the obstacle and even- 
tually pinching off, leaving behind a long and narrow 

Orowan 1954b) . Purely geometrically, all four 
loops can be formed in this -way. Unless decoration starts 
immediately, thus locking a loop, the loop will not be 
long and narrow but more or less circular with the 
precipitate particle in the middle. I'^hile it is not 
possible to exclude this ideal sequence (the formation of 
a dipole, then of a loop and then immediate decoration) 
such a sot of liappenings seems somewhat artificial, 
j&'urthor, and this is a serious objection, the details 
of the crystallography of Eiffel to-wers on {110} -planes 
are inexplicable if all long and narrow loops were formed 
by this mechanism, for it seems that the origins of the 
two entities are the same ( see remarks in this connection 
in Chapter 3) . On the other hand, the towers entirely 
lying in {100} (Pigures 3.5b, 3.10, 3.11) could be said 
to have formed in this way. It cannot be overemphasized 
that { 100 } “lowers are entirely different from the ’ {HO}- 
towers. We shall use the term 'Eiffel Tower' for the 
latter only. 

5.5.4 Mechanism suggested 

Having dijcardcd all existing possibilities we now suggest 
a mechanism wliich we think is consistent with all, of the 
features observed. At the outset we assert that the upper 
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Part of the Eiffel tower is a dislocation dipole hecause 
of its typical shape. It may he re-emphasized that 
these dipoles cannot have been produced hy pure climb. 

In order for the reader exactly to follow the seq.uence 
of happenings wc shall describe the mechanism stage by 
stage. Figure 5.1 is included for quick reference. 

Figure 5.2 indicates the coordinate system for working 
out indices of pianos and directions. Some relevant 
pianos and directions arc also shown. 

S tage 1 : fo start with, an edge dislocation with its 
length along [Oil] is formed corresponding to the slip 
system (100) [Oil] as shown in Figure 5.3a. Its half 
plane is (Oil), ie the inclined plane of the diagram, 
to its right, i'he Burgers vector (a/2)[oil] is upwards. 

Stage 2 : fho straight dislocation takes a zigzag shape, 
its component segments being along [211] and [211] as 
shown in Figure 5.‘3a. (It is not implied that the dis- 
location has moved in (Oil).) We have seen in Chapter 1 
that edge dislocations along <112> with Burgers veebor 
(a/2) <110 > are configurationally chai'ged and that in 
usual circumstances there would be no reason for them to 
assume this orientation and thus incarease the energy of 

the crystal without compensating advantages. Since, 

3+ 

however, in those crystals aliovalent ions Au arc 
present tlje dislocations are induced to take up this 
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orientation and actually reduce the electrostatic energy 
of a cloud of Au'^'*’ in the way described by Parasnis et al 
( 1963 ). It was established in §5.2 that Au^"^ ions reside 
in tors titi ally . I'he compensating charge— cloud here 
therefore resides at the edge of the half plane which now 
is zigzag, preferably on the tension siae where the inter- 
stitial volume is greater and may be compared loosely with 
the Cottrell atnosphoro of (neutral) carbon atoms around 
dislocations iu stcul. At this stage the zigzagged 
dislocation is not completely locked by tho charge-cloud 
because the temperature is sufficiently high for the 
individual ions in the cloud to migrate from one inter- 
stitial spaco to another should the dislocation for some 
reason glide along the {Til} -slip planes. The activation 
energy for this migration is provided by the thermal 
vibrations of tho lattice ions constituting tho core of 
the dislocations and its immediate surroimdings . Had the 
gold ions gone into the lattice substitutionally this 
would not happen and the dislocation would be more or less 
locked. The charge-cloud of interstitial gold ions 
propounded here also would lock the dislocation at room 
temperat\are since not enough thermal ener^ is available 

’•'The suggestion of the interstitial charge-cloud and the 
possibility of the combined entity moving throu^ the 
crystal at high temperatures, and that of this combined 
entity being looked upon as an electrostatic dipole 
(§5.5.6) are due to Professor A S Parasnis. I am grateful 
to him for allowing me to make use of them here freely. 
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A ’ At the end of the last stage the strai^t 

dislocation has "become zigzag, luring this stage adjacent 
2igs ([211]) and zags ([2II]) separate awas^ from each 
other in the direction of the Burgers vector. This motion 
is cqiiiv alont to a glide along their respective slip 
planes (111) and (lil). The [2II]- and [211] -segments are 
now connected by short segments in scro-ij orientation, 
altomatoly loft- and ri^t-handod, Figure 5-4 shows 
the shape of the dislocation at this stage (imagining, 
for the moment, the dipoles and loops to be retracted) . 

It ia seen that the dislocation has tahen the shape of a 
flattened helix, the dimension along the direction [Oil] 
being quite small. The helix is right-handed if [211]'- 
segjmontc move upwards relative to tho [111] -segments, and 
left-handed if vice versa as shown in the figure. Helical 
dislocations have been proposed/observed in the case of a 
variety of materials during the last twenty and odd years. 
Apart from tho flattened shape of this helix there are 
other important differences between it and tho others: 
this helix arises from an odgo dislocation rather than a 
screw and its Burgsrs vector is normal to its axis rather 
than along it. Tho zigzag dislocation taking up this 
helical confir,uration is an essential part of the mechanism 
being suggooted and it is necessary to specify tho cause 
of it. This matter is discussed in detail in §5.5.6. 
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Fif’T.ii'tJ b-A .l!! '.tCi u intenaed to imply Lhat re/pilar helices 
witii so m-'iny vii'.aiu ace actually ceerij rather, irhat; is seen,, 
an t.iuj pho Io(.a(;rof;raplis of Chapter 5 shovr, is helices vith 
•a.-ro, tfii'ce o,.- .oiu' turns and these ar’.; seen throiH'hout a 
n.ryn Inl. '.I'h- /.i.'.zay dislocation of Fifitire 5.3a and the 

ho lieu;! din.] oc--it.i on of Pi/;jare 5.4 aro crawn. with a uniform 
otdlh La Lho .,U.L1. ) -plajtio ; it is clear tliat these are fjcheua- 
tic di a;;r;uun a, to tnav in fact the width could he different 
In (ilffcront 


4 ; flu,;! jn the ota^^e during wdnlch dipoles are formed 
My '.ho f.liao o’l ((.'.i.!) of the short screw segments tic shown 
in Flr.uro 5.4* hince there is no correlation ;imong the 
inn t.'urtj! when ujj.iCorent screw segments may start gliding, 

^.ho longtto of vhc di|x>los by the time everything is 
i Ka:so h i 1 .i d iy decoration are not tiic this is clearly 

noon in who ]f •* «o micrographs of Chapter 5. I'he cause of 
thin gl luo CO’! lu I'C thermal or other stress, the lino of 
nigh' being [OuTj the dipoles on both sides of both left- 
•>nd rigiu-hnr.'h'd helices will be sec.n rfJ having a small 
cui. am’inii.-' -/icti an nhovm in Figure 5- 5a which is a 
urojuction (001) or the structures seen at Ain Figure 
5.4. Vln croasin.,; of the <ii2>“0egmcnts of a dipole is 
el.^n.ri:/ mwc- . * v oho tend G3.’0gi;raph of Figure 3.7. All of 

Iht; uipol',n c .<i ju-e 5-4 aro in {110} trith lengths parallel 
to <00l> • haing the expression given in §4.2.2, 
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< Crb/{8K(l-S&)h} 

ijjid putting in ihe values G = 1.2 x 10^ Kg b - 4.2/V2i 

v= 0.^1 ana h = 1,6 jim we get t ^ 1.45 x 10^ dy cm“^. If 
the thermal ntross is about this value the dipole is stable 
onoUf'.h, 

ljA., a.gp... : X ‘i' instead of gliding in (Oil) the short screw 
uegmonn in (lOO), dipoles lying on (100) with length 

it!, on/', (t)llj '.ri, ' ■ be produced (Figure 5.6), 

.8 tj .i/,73, , . ,5 : iiii.; stage eifoctively consists in the rotation 
of the plfuio of the uipolo around its nyimnetry axis. The 
pi’ocoso is sho’ju in Figures 5.7, 5.0a,b. Figure 5.8a 
shows the rotation of a aipole on the rii'^ht hand side of 
the right. -hanucci, helix of Figure 5.4 and 5 -8b shows that 
of ono on the loft. (Similar diagrams are easily drawn 
for the dipolou of the left-handed helix.) d-d represent 
the dipole before rotation. As a result of vacancies 
migrating to the dislocation core the half planes shrink 
and the two dipolo segments travel towards d’ , d'. 

Eventually they align themselves along d’-d’, which is 
the trace of the dipole plane, (010) in Figure 5.8a and 
(OOl) in Figure 5.8b. The former is seen edge on so that 
the appearance is as siiown in Figure 5 -5b and as seen in 
the photomicrographs of Figures 3.12a, c,e, whereas the 
latter is seen broadside on so that the full width is seen 





Plane of diagrams is (100) 

\ 

\ 

\ 

\ 

\ 
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(Pi/'.ureo !3.9l) end 5.12a,’b). If tlio rotafiorx had taken place 
ciuf; to tho liall iv)lanoo of d,d extendiii;_, auo to interctitials, 
Iho ai^jjearanco ’'..'•ruld be that of Pi^jure 5-5cj tljis, however, 

:lr: never obi“crvoa - which is not strr pricing; at all. 

ijt .u-.G 6 : 11 i;:i during this last stagn that the long and 

no.rrow loops arc lormed by the pinching of the di poles - 
iiio pincliing of dipoles at the end of b'tage 4 presents no 
probleins. Kir.!..,; of opposite sign are formed in the slip 
pijaio, yij^ (101), and pinching takes place in the usual 

giving the ].oops L2a. Soon after, decoration occurs 
which laaltes a loop not only visible but also immobile. 

In fact it is possible that decoration of the tip of the 
dipole has iilroady started before pinching is complete, 
ihio would give i/io loop a somewhat tapering appearance, 
if decoration starts and inmobilises both the loop and its 
<112>-log£3 before ])inching is complete, the situation would 
bo an scon in tb.c photomicrographs or Pigure p.7a,b. 

On the other hana, if the loop plane has effectively rotated 
as uescribed unuer Stage 5 and pinching occurs later, we 
woida got loops Lla. I'he details of the actual pinching 
involved here arc rather difficult to visualize for the 
geometry is complicated (Figure 5.7). I'he pinching of 
dipolos loading to the formation of loops is a process of 
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£jucii common orcurrence that we believe that oven with 
thi,‘5 complicated ,'^_;eometry pinching somuhow occurs resulting 
in :ioopo 11 a. 

b . b . 5 lip£i2p^ i. Lb ; i nd L2b 

v;o t)ug/';out the lollowing two possibilities lor dipoles 
correapondinj; to loops Lib and L2b to form. It was 
raorit^ioned in tage 4a that the sliort screw segments of 
F^i'^X £'0 0.4 LK\' hlide along the direction [oil] i'igure 

*>.())• 'i’bo ro::u.Lting dipoles and eventual loops will be 
ih'b. If rotation of the dipole piano occurs (by climb) 
boforo pinchln,, the loop will be Lib. 

AnoUiur ix^oaibllity is shown in Figure 5.3b. The starting 
oonfii^ui'atioa is a straight edge dislocation, length ‘ 
parailol to [100 J, corresponding to tjie slip system (Oil) 
[oil]. It beconiGO zigzag as shown in the same figure and 
follows the faune stages as described in §5.5.4, girtatis 
mutandis . 

Note that during the stages 4, 5 and o the <112^ -segments 
remain .■•inchoi’on. The reasons are discussed in the next 
aoction, 

5.5.6 Btruilt u rmci of the helix of fi^rure 5.4 

We si'iail now i.if-cncs the question of why the zigzag disloca- 
tion starts tjilctng the helical form and when the relative 
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movemenc of adjacent <11 2> -segments stops. Ihe negatively 
chai’t^Gd, [211 and [211 ] -dislocation segments and their 
jjhGOciatcd posibive charge-clouds of ions may be looked 

upon ao constituting continuous distributions of miniature 
olocfcros tatic dipoles airecbed along [ill] and [ill] 
respectively. In a two-dimensional problem this would 
five rise to a repulsive interaction in the plane of the 
Kigf.ag dislocation (Oil) only. Since, however, the (Oil)-’ 
planes above atid below the nominal plane of the dislocation 
tiTO bent the problem is a tliree-dimcnsional one. I'he point 
to note is bhr.t blic interaction is repulsive in either case 
(iiia in the latter 1-iao a force component along the direction 
of the Burgers vector. Ihe adjacent segments must separate 
thus giving rise to the helix. As the segments separate, 
short screw segments appear and the strain energy increases. 
Althoufji it is difficult without making a calculation, 
howsoever roxx'Ji, to estimate the eneri^ it is evident that 
at soiau poinl Iho strain energy increase will compensate 
exactly bhe decrease in the electrostatic potenbial energy. 
I’ho relative movement then stops ana the helix is in 
equilibrium. 

If any of tiie short screw segments starts gliding before 
the equilibrium is reached that portion of the helix would 
be stabilized against further separation. Incidence of 
aecoration anywhere also wculd have the same effect. 
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Ihe zigsag difjlocation of Ilgure 5.3 b.ac never been 
observed ana the q,uestion may be aoked why. This fact 
in itself Geewn to support the idea that adjacent <112 > 
segments do separate as soon as they arc formed. 

5.6 Other Features 

5.6.1 Spikes 

One poasibiiiuy lor the formation of the Siffel tower-like 
spikes (long or chort, single or in sequence) was mentioned 
at the ond of S5.5.3. Another is the mechanism of pure 
climb suggested by Miles (1965). 

5.6.2 Lenticular loops and helix 

Since the axis of the lenticular loop oi' of the corres- 
ponding helix of Figure 3.26 is along <110 > such loops are 
prismatic and have been well known in many other materials 
also for many yooro. The helices arise from screw disloca- 
tions by jogging and stretching mechanism originally 
suggestea by Scitn and later elaborated by Weertman (1957), 
jj&&h (1958), etc . 

5.6.3 Stral .aht-sogmented loops 

It has been established in Chapter 3 that the planes of 
straight “Segmontod loops are {110} but that their sides 
do not seem to correspond to any simple crystallographic 
directions. The loop in the photomicrograph of Ilgure 3.25 
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DueratJ about uo bo pinched off ana itc sides, while seeming 
to lorm a paiwllcllogram, are not quite straight. It seems 
then that the loop is pinchod off (by whatever mechanism) 
rirot and Umt vhc straight segments develop later. I'he 
noarust cryo baLlographic directions which at least approxi- 
mate l,y imiko witit each other the correct angle are <lll£> . 
Jicrui'i’in,-" to the structure of the {110}-plancs one can see 
that a dislocation lying along <L16> ic likely to be 
citargud, Wc wonaor if it is not possible to describe them 
in the SfOiio an dislocai^ions lying along •^il2>. 1‘hey 

ot'om to 1)0 prismatic, with b normal to the loop-piano, 
ihoso loops have not been investigated in detai.l. 

Con cl uding Eo mar ks 

It wil], thus iK! soon that the major class of confiifjura’oions 
oboorved in. (";old~doped single crystals of magnesium oxide, 
nuitably heat-vreatea, namely the Eiffel t owers and long ~ 
a nd-narrow lo ops , are suggested to have formed basically 
as a result of straight dislocations taking a charged 
Siigzag ohaiJO in the presence of kw ions. Ihe mechmism 
suggested in §li.5.4 might ap,pear at first sight to be very 
complicatea. Once, however, the interstitial charge- 
cloua and its properties are accepted it is only a 
uoquenco of siraple stages. Our only apology, if one is 
needed, for it is that it explains very plausibly oJJ. of 
the features of these configurations. 
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I'ho ,'UJ -received cryctalo from either Semi-Bleiiients or 
Ventron v;ere Lodly impure at least to bhe certified 

0.1'^', houbtn i;iay be raised as to the effect of these 
I. j i,;r. on Iho whole concept of the cdiar^'-e-cloud 
iicuLr.'diain;' »! •.' oppositely charged dinlocat^ion. i'ho 
cryi'.trid Lo/'.rap''y of the Jiiiffel towers cuiu re3.atea loops 
( bJ , b;;) i..: wo believe, as to leave no option but 

Ih'.: r.eudu'iiLi uia ,.:.!;r; 0 !;tcd. I'ho electron microscopic 
tfooorvr. ioju -1 n u olioulu bhrow further light on the 
o boor V, it ions md aiscussiono in this Report. 
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It v/mu montioaCu in Chapter 3 that a lai'ee number of 
c rj Moro obocrvecl on the surface of the heat- 
iroatetl» /^lu-ui.luaea Specimens. V/hon the specimens 
iaoimWd of these platoleto rot detached 

from the umu'ricc find v^cro seen suspended in the balsam 
from Uw ..;C!Cirnen, figure A.l eliowo some of these 
jlHteJetr huvin, aifferent shapes. Vast majority of 
such 3 latciet.'j o.^uerved were of rhombuo-ohaped. A few 
of them nru ..rnvni m Figure A. 2. Since most of the 
■; wore nunponcied it was difficult to locate 

jerieelly flfu ones. Hence these platelets were 
inoluied from .he oi^ecimen. All theso platelets exhibitca 
; 1 rc i'rin^;uac. , '*‘hey were observed consistently in a 
number of cunen i rrosyoctive of the type of heat treat- 
ment to wlUr.;; ho crystal was subjected to or the orienta- 
;(n. oi the .-;a--trcatod ci*ystal. I'he angles of the 
upjoaiwo ro.in,-/;' of the platelets wore measured and the 
avern/.f ol U.ouo aJigles was founu to be 71° 49’ . Figures 
A'} mii* A4 show die same set of platelets seen unaer phase- 
contrast itnd uai'A"“fi®i*^ i Aluad. nation. 
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r i nuff 
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From Uio thermal history of the cryotals these platelets 
wcjro preauraca to be of some clxLorioe. In axi attempt 

to idontii'y Ihom nii SIR spectrum of these platelets was 
x'ocoraeci in n Varian X-band SIR spectrometer at room 
toMperature. i;ut no signal was observed. I’he electronic 
confi/^uration of atomic gold is Xe 4f^%d^^6s^. There- 
fore ihe monovalent gold (Au"*” ) will have a completely 
ft, Hod outernoijt shell (5d ) and hence it is not 

i tjcrnma/^no tic. But the trivalent gold (Au^ has an 
Inconij lcte shoj.T (5d ). Therefore Au is paramagnetic 
anu honco it obould give an EHl signal. But the negative 
rcioult aoea not at once rule out the possibility of 
their being AuCl~ crystals because we could not record 

WIT 

the KHi spectrum at low temperatures. Bince no litera- 
ture was available about BER studies on gold, further 
at t® opts to identify the platelets by EBt was given up. 

!lo further siJUiuieo were carried out on these platelets 
olnco our major interest was on dislocation configurations. 


l llilW K IlW W PIII^ ^ 
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